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Preface 


The present volume originates from lectures and seminars, which I gave at 
Victoria University in Wellington (New Zealand), at the University of Bradford 
(UK) and at international conferences, organized by the International Society for 
the Study of Time (ISST). They are held every 3 years and I attended the meetings 
in Monterey, California (2007), and Costa Rica (2010). The following pages reflect 
my long-standing interest in the philosophy of time, and develop themes, which I 
first explored in talks, which I gave at Sydney University, the University of 
Western Ontario, and in various published papers on the notion of time. 

1 benefited from a British Academy Overseas Conference Award (2007) and 
from two research fellowships. The first draft of this book was completed at the 
Unit for History and Philosophy of Science, University of Sydney, where I was a 
visiting fellow from June to September 2009.1 would like to thank the members of 
the Department for their hospitality. The final draft of the book took shape at the 
Rotman Institute of Philosophy, University of Western Ontario (Canada), where I 
was a research fellow from May to July 2012.1 would like to thank the members of 
the Institute for their hospitality and the stimulating intellectual atmosphere, which 
the Institute provides. 

I was fortunate to received constructive criticism from several readers. Meir 
Hemmo, from the University of Haifa, read Chap. 3. Claudio Calosi (University of 
Urbino) and Roman Frigg (London School of Economics) both read the whole 
manuscript. Thanks to their generous and expert advice I was able to improve and 
clarify the ideas discussed in this book. Finally I must express my gratitude to 
Angela Lahee, my editor at Springer Verlag in Heidelberg, for her unwavering 
support and her enthusiasm for a book on time. 

I hope the reader will enjoy reading the book as much as I enjoyed writing it. 


Friedel Weinert 
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Chapter 1 

Evolving Conceptions of Time in the Light 
of Scientific Discoveries 


The concept of time is perhaps one of the most integrating in human knowledge. It appears 
in many fields, including philosophy, biology and, most prominently, in physics, where it 
plays a central role. It has interested Man of all Ages, and the finest minds from Saint- 
Augustine to Kant and Einstein have paid attention to its meaning, and the mystique 
shrouding its most notorious property: that of flowing only forward, its irreversibility. 

Jose Angel Sanchez Asiain, Forword, in J.J. Halliwell et al. (1994), xiii. 


1.1 Introduction 

Our earliest ancestors must have had a dim awareness of time, since their very 
existence was heavily dependent on the cycle of seasons. They will have been 
aware of the rhythm of day and night and no doubt of lunar cycles. Their pre¬ 
occupation with daily survival and the hunt for food and shelter may not have 
granted them much time for thoughts of a more abstract nature but one may 
speculate that in quiet moments by the fireside on starry nights they may have 
succumbed to reflections about the nature of time. No written records of these 
musings exist but cave drawings and large stone structures, like Stonehenge, 
testify to the curiosity of our earliest ancestors about the universe. The Greeks, 
however, left numerous written documents about their preoccupation with the 
cosmos and the nature of time. They demonstrate that time is one of the most 
fundamental notions, which is dominant in both human existence and human 
endeavours to understand the surrounding world. Many thinkers have grappled 
with the notion of time and their collective efforts have produced some influential 
models of time (Chap. 2). Although these philosophical models establish important 
insights into the notion of time, and are therefore of considerable value as 
guidelines of investigation, they cannot be divorced from scientific discoveries 
about time (Chaps. 3, 4) so that our evolving conceptions of time have to be 
considered in the light of scientific discoveries. New discoveries in cosmology 
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1 Evolving Conceptions of Time in the Light of Scientific Discoveries 


about the evolution of the universe have led to radical new views about the notion 
of time. When these ideas are considered and our views of the history of time 
reckoning are extended to the present day, three striking features, which will 
structure the contents of this book, stand out. 

1. Most considerations of time, up to the 21st century establish a link between 
time and cosmology (Chap. 2). Cosmology is the study of the large-scale 
structure of the universe, to which the Greeks made significant contributions. 
The particular cosmological feature, which struck early observers, was the 
periodic regularity of planetary motions. As we shall see, this feature is clearly 
present in the views of Plato and Aristotle, as well as Ptolemy. In Greek 
cosmology the universe is a closed system. The ‘fixed stars’ constitute the outer 
boundary of the cosmos beyond which the deities reside. The Earth is modeled 
as a stationary sphere near the center of the universe, and all the planets and 
stars perform circular motions around the ‘central’ Earth. Their preoccupation 
with the eternal regularity of celestial motions predestined the Greeks to con¬ 
sider the passage of time and its measurement. Modern cosmology has moved 
to different preoccupations, especially to the question of the origin of the 
universe and its overall history and its eventual demise. Modern cosmology is 
more concerned with the question of the arrow of time at least insofar as this 
concerns the observable expansion of the cosmos and the question of its 
eventual fate—will the universe expand forever or will its expansion grind to a 
halt and then enter a phase of recontraction? All these processes depend on 
certain regularities, which are required for the measurement of the arrow and 
the passage of time. Talk of the direction or anisotropy of time may thus refer 
either to an experience of a one-directional, forward movement of events in our 
galactic vicinity, which will be characterized as the passage of time; or to the 
global movement of the whole universe, pointing like an arrow from an initial 
beginning in the Big Bang to its eventual end, either in a contraction of the 
universe (Big Crunch) or the complete disappearance of all energy gradients 
(Heat Death). Time, of course, cannot be measured directly; regular events are 
needed to measure time. But the anisotropy of time could conceivably be 
experienced in the absence of such regularities. Imagine a universe, in which 
only random sounds can be heard or in which occasional light flashes appear 
from different directions. If you are the unfortunate inhabitant of such a lonely 
universe, you will be at a loss to establish a regular pattern between the 
intervals of the sounds or flashes. You could not tell how long the intervals last 
between the flashes and the sounds. Nevertheless, you could count the sounds 
and flashes you experience, say up to 100, which would give you a basic 
‘before-after’ relationship between the series of observed sounds and flashes. 
Hence you could determine the passing of time by the irregular events you 
perceive although you would not be able to measure the passage of time. The 
measurement of the passage of time requires some regularity, often of a peri¬ 
odic kind. Such a periodic regularity requires regular intervals between events, 
as the Greeks observed in the orbits of the planets. However, regularity is not a 
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sufficient condition; the regularity must also be invariant. This requirement 
became particularly clear with the Special theory of relativity. Invariance 
means that an observed regularity must not depend on a particular perspective. 
A regularity is invariant if it is the same from different temporal and spatial 
perspectives. The physics of a tennis match is invariant in this sense since it is 
the same whether it is played in Andalusia or Zimbabwe, whether it was played 
on a Victorian court in 1875 or in Flushing Meadows in 2005. Greek astron¬ 
omers stipulated that the planetary motions were perfectly circular, which 
implies both regularity and invariance. The regularity of planetary motions was 
observed to be the same irrespective of the spatial or temporal perspective of 
the observer. 

2. The Greeks also highlighted the second feature in human views on time: stasis 
versus flux (Chap. 3). This feature can most conveniently be located in the 
debates of Heraclitus and Parmenides. The Parmenidean view can be charac¬ 
terized as the thesis that reality, at a fundamental level, is a timeless, 
unchanging, being. Stasis is fundamental and the perception of change and the 
passage of time are a human illusion or conception. Flux is a mere appearance 
(See Callender 2010). The passage of time is a product of the human mind such 
that time would disappear with the disappearance of humans. The Parmenidean 
view denies that time exists in the physical universe but allows for the existence 
of human time. The Heraclitean view emphasizes the dynamic aspect of flux, of 
the changing nature of events, of temporal becoming. According to this view, as 
long as there are physical events, there is physical time. Hence flux is funda¬ 
mental and stasis is only an appearance. Physical time only depends on the 
‘before-after’ relationship between events in the universe and occurs irre¬ 
spective of human awareness. But for the measurement of physical time, 
humans require physical time to be regular and also independent of particular 
perspectives. If physical time is to be understood as a ‘before-after’ relation 
between events in the physical world, then human time can be understood as a 
conceptual representation of physical time. As such it is a mental construct, 
since it depends on human awareness of change and succession. The Heracli¬ 
tean view regards human time as an abstraction from physical time. Some 
writers conceive of human time as mental time (Augustine 1961; Lucas 1973; 
cf. Gunn 1930) but this characterization is too psychological, since it does not 
include the conventional and social aspects of human time reckoning. Human 
time is expressed in calendars: the division of the year in 12 months and 
52 weeks, the division of the day in 24 h, the beginning of the year and the day. 
It comprises both conventional and natural units of time. It comprises the 
distinction between past, present and future. Human time is a product of both 
natural units of time—periodic, regular and invariant processes in nature, like 
the waltz of the planets around the sun—and conventional units of time—the 
symbolic representation of time according to our calendars, to which no par¬ 
ticular physical event may correspond (like the end of the year). 

As this book is concerned with ‘evolving conceptions of time in the light of 
scientific discoveries’, these early Greek speculations appear to be out of place. 
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1 Evolving Conceptions of Time in the Light of Scientific Discoveries 


Surprisingly, interpreters of modern physical theories have re-emphasized this 
contrast between flux and stasis. Modern commentators take their cue from the 
results of physical theories—the theory of relativity, cosmology or quantum 
mechanics—and infer a particular view on the nature of time (being or 
becoming, stasis or flux). 1 * It is important to realize that these are conceptual 
inferences, i.e. that they do not follow deductively from the principles of the 
respective theories. That is to say that certain features of these theories are 
taken to lend support to a certain view of time. It is the prevailing view today 
amongst physicists and philosophers that modem physical theories imply a 
static timeless view of the universe. This view is often called the block uni¬ 
verse. Many commentators lean towards a Parmenidean view, which is no 
longer based on metaphysical speculations but on particular features of scien¬ 
tific theories. This book is an attempt to show that these physical theories are 
compatible with a Heraclitean, dynamic view of physical time. Hence the title 
of the book: The March of Time. This Heraclitean view is also an inference 
from certain features of physical theories. Hence the question of whether there 
exists physical time or only human time is empirically underdetermined to a 
certain extent. Two incompatible views of time (stasis, flux) are compatible 
with the results of physical theories. However, this situation need not end in a 
stalemate. It is the author’s contention that a certain dynamic view of time is 
more compatible with the overall results of modern theories than a static view. 

3. One important consequence of the emergence of modern science is the 
discovery of laws of nature, which may be understood as quantifiable structural 
relations between events, objects, properties and systems in the physical 
universe. These structural relations can be expressed in the language of 
mathematics. The German astronomer Johannes Kepler (1571-1630) was 
probably the first scientist to formulate mathematical laws of planetary motions. 
The laws of motion often employ the parameter t, which stands for clock time. 
It is an essential feature of many fundamental laws that they are time-reversal 
invariant. Technically, this means that a physical law, L, which includes a 
parameter t, allows physically possible models with either +t and —t as tem¬ 
poral parameters. Let L state a relationship between some fictional parameters, 
say, 6 = cpt 3 , then time-reversal invariance means that both +t (always pro¬ 
ducing a positive result for 6, if q> is a positive constant) and —t (always 
producing a negative result for 0) are both permissible and physically possible 
processes according to the equation. This characterization marks the time- 


1 These debates sometimes take on a life of their own. For instance, there are discussions about 

the semantic properties of temporal language or the attention turns to an ontological debate about 

realism or anti-realism about time or space-time or metaphysical debates about presentism versus 
etemalism. These debates are not the focus of this book. Whilst the discussion will touch on some 
of these debates, for instance the discussion between Newton and Leibniz, the main focus of the 
book's material is the question to which extent a Heraclitean or Parmenidean view of time is 
compatible with the results of scientific theories. The more metaphysical ramification will not be 
pursued but can be gleaned from Savitt (2001). 
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reversal invariance of laws. A different sense of time-reversal invariance refers 
to the solutions of the equations. A good illustration of time-reversal invariance 
or temporal symmetry in this sense is to picture a film of a pendulum—an ideal 
pendulum, which does not suffer damping—that oscillates with a certain fre¬ 
quency, u. A viewer would not be able to tell whether the film was running 
backward or forward in time. The same is true of an animation of planetary 
motion. As a matter of fact, it is the case in our solar system that all planets 
orbit the sun from west to east. But an observer who was ignorant of this fact 
would not be able to tell which of two films—one showing the planets moving 
in the familiar direction and the other in the opposite direction—was a correct 
representation of reality. But even if observers did know the true motion of the 
planets around the sun, on seeing the film running in reverse, they would only 
be able to conclude that the planetary system shown was not the familiar solar 
system but that it was a physically possible planetary system elsewhere in the 
universe. For the particular direction of orbits depends on special initial con¬ 
ditions but the planetary laws allow both systems. Now let the viewer be shown 
a slow-motion film of a bullet leaving a pistol shaft or a cup falling from the top 
of a table and breaking on impact. In these cases, if the film was shown running 
in reverse, this viewer would be in no doubt as to the true sequence of events. 
S/he would judge the reverse scenario as physically impossible (especially if 
s/he was asked to judge intuitively without employing any previous knowledge 
of statistical mechanics). The reason for this verdict is that these cases display a 
fundamental asymmetry. This contrast between the time symmetry of funda¬ 
mental laws and the ubiquitous asymmetry of physical events around us is the 
third feature of modern views on time (Chap. 4). It too divides researchers into 
proponents of a Parmenidean view versus proponents of a Heraclitean view. 
The latter view will be defended in the following pages. 

The story of time, which is the subject of this book, will not be told in chro¬ 
nological sequence; rather it will be structured according to these three features: 
Chap. 2, time and cosmology ; Chap. 3, stasis and flux (or being and becoming), and 
Chap. 4, symmetry and asymmetry. The author hopes that the focus on these three 
themes, in view of the scientific discoveries, will throw new light on the nature of 
time. 


Chapter 2 

Time and Cosmology 


Our theory of clocks has great influence on our understanding of time. (J. R. Lucas, 

A Treatise on Time and Space 1973, Part I, Sect. 10) 

Running through the whole history of time reckoning is a deep connection between 
time and cosmology. It is essential for the measurement of time, since it provides 
periodic regularity. The early Greeks established the association of time with 
periodic regularity on a planetary scale. Regularity, however, is not a sufficient 
condition for the objective measurement of the passage of time. A further con¬ 
dition is needed: invariance, the importance of which came to the fore with the 
Special theory of relativity. The measurement of time is here understood as 
the measurement of less regular intervals by more regular intervals of events, and 
the improvement in accuracy, which can thereby be achieved through the method 
of triangulation. In this volume time is meant in a physical sense, which is based 
on some regular, material events in the physical universe; it is not meant in a 
metaphysical sense, according to which there exists some entity called TIME in 
the physical universe over and above its matter, motion and energy. Equally, when 
the discussion switches to the ‘direction’ of time, what is meant is the direction of 
processes and events in time, not a direction of Time itself. 


2.1 Greek Astronomy 


(...) if we seek to examine Time, we find ourselves examining Reality. (Gunn 1930, 369) 

The intellectual labour of the Greeks produced a first coherent cosmology: the 
Aristotelian-Ptolemaic theory of geocentrism. According to this view, the Earth 
resides motionless at the ‘centre’ of the universe. This universe was essentially 
identical with the existence of the then known six planets. The planets, which 
included the sun, were understood to be carried around the central Earth on circular 
orbs, in known periods, from west to east. The fixed stars, beyond the planetary 
spheres, also circled the stationary Earth in a 24 hour-rhythm from east to west. 
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2 Time and Cosmology 


The planets were the ‘wandering stars’ because their movements could be observed 
against the background of ‘fixed’ stars, which did not seem to change their positions 
in the stellar constellations over long periods of time. In the history of astronomy 
Plato’s cosmology, as presented in the Timaeus, is usually neglected, while Aris¬ 
totle’s cosmology figures more prominently. Aristotle conceived of the cosmos as a 
two-sphere universe (Aristotle 1952a, b; cf. Weinert 2009, Chap. I). The region 
between the Earth and the moon was the sublunary sphere; the region beyond the 
moon to the fixed stars was the supralunary sphere. The sublunary sphere was the 
area of asymmetry, change and flux. The supralunar sphere, in which the planets 
circle the Earth, was characterized by perfection, permanence and symmetry. This 
cosmic division reflects the fundamental distinction in Greek metaphysics between 
Parmenidean stasis and Heraclitean flux. As the planets’ orbits were located in the 
supralunar sphere, their journey around the stationary Earth was supposed to be 
circular, for the circle was a perfect geometric figure in Greek culture. Whilst 
the sublunary sphere was characterized by changing events, by decay and renewal, 
the planets moved around the central Earth with perfect periodic regularity. The 
Greeks knew the order of the planets, although they placed the sun where in today’s 
Copernican worldview the Earth is located and they knew the orbital periods of the 
planets fairly accurately. Unlike Aristotle, who stipulated that the Earth sits 
motionless at the centre of the universe—a view, which was later refined by 
Ptolemy-Plato seems to have attributed a diurnal motion to the Earth (Taylor 1926, 
449-454; Cornford 1939, 120-134). Plato was not the only Greek who bestowed a 
diurnal rotation of the Earth on its own axis. In the 4th century B.C. Heraclides of 
Pontus proposed that the daily rotation of the stars was produced by the daily 
rotation of the Earth on its own axis. Aristarchus of Samos (310-250 B.C.) went 
further and placed the sun at the centre of the universe and gave the Earth a circular 
orbit around it. But this view had little impact on subsequent developments, since it 
seemed to contradict the perceptual evidence. To a Greek observer it seemed 
obvious that ‘the heavens’ moved and that the Earth stood still. A powerful argu¬ 
ment against the motion of the Earth on its own axis, which prevailed until the work 
of Copernicus (1543), was that under the force of the rotation—similar to the 
experience on a spinning wheel—buildings would crumble and violent winds 
would blow from east to west, stopping birds from flying eastwards. 


2.2 Plato and Aristotle 

Whilst Plato’s cosmology had little impact on the subsequent history of astron¬ 
omy, his views on time were more influential. They mark a clear example of the 
association of time with cosmic regularity, which persists to the present day. As is 
well-known Plato (427-347 B.C.) drew a distinction between the changing world 
of our daily experience and an underlying realm of unchanging forms. The visible 
world is the world of becoming and change; but it is a shadowy image of an eternal 
world of unchanging, permanent forms. According to Plato there can be no exact 
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science of the natural world, because it is subject to change and flux. Physics only 
tells a likely story but mathematics deals with timeless forms—for instance geo¬ 
metric objects, like circles and triangles—and they alone can be the object of 
rational understanding (Cornford 1937, Prelude). And yet there is time. Time, in 
Plato’s view, is the ‘moving likeness of eternity’. But, significantly, Plato adds that 
this image of eternity moves according to number, by the will of the demiurge: 

But he took thought to make, as it were, a moving likeness of eternity; and, at the same 
time that he ordered the Heaven, he made, of eternity that abides in unity, an everlasting 
likeness moving according to number - that to which we have given the name Time. 

(Timaeus 37D; quoted in Cornford 1937, 98; see also Taylor 1926, Chap. XVII; Benjamin 
1966; Whitrow 1966; lammer 2007) 

But as the sensible world is subject to irregular fluctuations and oscillations, a 
measurable passage of time cannot be identified in this realm. Time depends on 
periodic regularity of motion, which is to be located in the movements of the 
planets. 

(...) Time came into being together with the Heaven, in order that, as they were brought 
into being together, so they may be dissolved together, if ever their dissolution should 
come to pass; and it is made after the pattern of the ever-enduring nature, in order that it 
may be as like that pattern as possible (...) (Timaeus 38B, C; quoted in Cornford 1937, 99) 

Firstly, then, Plato identifies time with regular physical events, like the motion of 
celestial bodies; secondly, such orbital motions mark off periods of time, due to 
their regularity. It takes a planet a certain amount of time—from 87 days (Mercury) 
to 164 years (Neptune), and 284 years (Pluto)—to return to its previous position. 
These orbital periods can be used to define periods of human time: the calendar year 
(orbit of the Earth) or the month (lunar cycle). ‘Plato’s view of time is inseparable 
from periodic motion’, (Cornford 1937, 103), for in this way time can be ‘the 
moving image of eternity’. The changing events on Earth are too irregular, in 
Plato’s view, to constitute physical time: the underlying reality of eternal forms 
simply exists in a timeless sense of pure being. The planets are therefore an ideal 
instrument of time (Timaeus 38C-39E). Their observable motion is periodic, 
regular and, according to Greek cosmology, everlasting; hence invariant. 

Aristotle (384-322 B.C.) criticized Plato for his theory of forms and his theory 
of time. Aristotle objected that time cannot be identified with celestial motion: 
since motion is measured in time, time cannot be measured by motion. Motion can 
be fast or slow and change, which accompanies motion, has a location in space but 
time as such cannot be perceived, although we are conscious of the passing of time 
when we discern change and movement. Aristotle granted that time is dependent 
on change or motion and awareness of time depends on an awareness of ‘before’ 
and ‘after’ in change. The relation between time and change is reciprocal: Without 
change, there can be no recognition of time; and without time, there can be no 
measurement of change. ‘The time marks the movement, since it is its number, and 
the movement the time’ (Aristotle 1952a, iv, 220b). But Aristotle did not provide a 
theory of time; rather he sketched a theory of the measurement of time. In Aris¬ 
totle’s view, time becomes quantifiable change from ‘before’ to ‘after’ in the 
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course of events; hence Aristotle associated regular motion with measurement and 
magnitude. He argued that regular change was a necessary condition of the 
measurement of time. Whilst there are many particular movements, which may 
change and cease, there is one type of regular movement—the eternal circular 
motion of celestial objects—which provides the perfect measure of time. He 
regarded time as a numbering process, associated with our perception of a ‘before- 
after’ relationship between events in motion. Motion is restricted to qualitative 
(alteration), quantitative (change in size) and local motion (change in place). Time 
is quantifiable change from ‘before’ to ‘after’, thus implying measurement and 
magnitude. Aristotle furnishes a definition of the measurable duration of events, 
rather than a theory of time, since Aristotle remains silent on the question of the 
nature of time (cf. van Fraassen 1970, 11-17; Whitrow 1989, 42; Benjamin 1996, 
12-15; Kronz 1997; Jammer 2007). 

But is Aristotle right in his view that time cannot be identical with motion 
because motion can be slow or fast and it is measured in time but not vice versal 1 
It is true that many motions would be unsuitable for an identification of physical 
time: the motion of particles in a liquid, the motion of gas molecules in a con¬ 
tainer, the motion of pedestrians in a city, the motion of cars on a motorway are all 
too irregular to qualify. But if care is taken to distinguish between physical and 
human time, some regular physical events will be needed to identify physical time. 
Experience tells us that less regular motion can be measured by more regular 
motion. A person’s heartbeat could be used to measure the movement of pedes¬ 
trians in the street: how long it takes them to cross it, how long it takes them to 
move from its northern to its southern end. An obvious disadvantage is that 
heartbeat is irregular so that such measurements will be inaccurate. But heartbeat 
could be replaced by a more regular clock, say a water clock. So gradually—by a 
process of triangulation—the precision of clocks would improve until fairly reli¬ 
able clocks become available. The best clocks at the disposal of Aristotle’s con¬ 
temporaries would have been sundials and water clocks (Clepsydras, Fig. 2.1), 
which were already known in Egypt in 1600 B.C. Nevertheless, the Greeks argued 
that the measurement of time should be based on celestial motion, since it was 
regular and periodic; it constituted physical time. Aristotle, however, has a point 
when he refuses to identify circular celestial motion with time. For there are 
several notions of time: physical time, human time, social time, psychological time 
and they cannot all be identified with celestial motion. And subsequent centuries 
replaced the orbit of planets with more robust processes to associate them with 
physical time. Human time is an abstraction from the observation of diverse 
physical processes, which give rise to the division of the year and the day, 
according to our familiar calendars. 


1 As we shall see, John Locke (Essay BK XIV, Sect. 21) also recommended a distinction 
between duration ‘in itself and ‘the measures we make use of to judge of its length.' 
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Fig. 2.1 Clepsydra, 
Wikimedia Commons 



In order to grasp the distinction between physical and human time, it is 
important to distinguish natural and conventional units of time. Natural units of 
time are based on periodic processes in nature, which recur after a certain interval. 
They may be quite imprecise, like the periodic flooding of the Nile, on which the 
ancient Egyptians based their calendar year; or more regular, like celestial phe¬ 
nomena. Some basic units of time, like the day and the year, are based on natural 
units of time. For instance, the equatorial rotational period of the Earth is 23 h 
56 min and 4.1 s; that of Uranus is 17 h (Zeilik 1988, 508). The tropical year—the 
time that the Earth needs for one revolution around the sun—has a length of 365, 
242,199... days or 365 days, 5 h, 48 min and 46 s (see Moyer 1982; Clemence 
1966). But the calendar year has 365 days and 366 in leap years, which gives the 
calendar year an average length of 365.2425 days. As calendar years cannot have 
fractional lengths, there will always be a discrepancy between the tropical and the 
calendar year. This difference led to the replacement of the Julian calendar by the 
Gregorian calendar (1582). The Gregorian calendar will remain accurate to within 
one solar day for some 2,417 years. One difficulty with the day and the year, as 
just defined, is that these units of time are not constant, due to slight irregularities 
in the motion of the Earth. Historically, this discrepancy has led to calendar 
reforms and redefinitions of the ‘second’ from a fraction of the rotational period of 
the Earth around the sun to atomic oscillations. 

Whilst physical time is based on such natural units, human time is based on 
conventional units of time. The 7-day week, introduced by the Romans, the sub¬ 
division of the day into 24 h, of the hour into 60 min and of minutes into 60 s, the 
division of the year into 12 months and the lengths of the months into 30 or 31 days 
(except February), again introduced by the Romans, are all conventional units of 
time. They are conventional because they respond to human social needs about time 
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reckoning although there may be no physical processes, to which they correspond. 
To give an example, the beginning of the year (1st January) is purely conventional, 
since there is no natural event, which would single out this particular date. Equally 
the beginning of the day at midnight is a convention. Note, however, that not all such 
conventions are arbitrary. The equinoxes, the summer and winter solstices corre¬ 
spond to particular positions of the Earth with respect to the sun. Already the 
Babylonians introduced the 7-day week and named the days of the week, like the 
Egyptians, according to the sun and the known planets: moon, Mars, Mercury, 
Jupiter, Venus and Saturn (Wendorff 1985, 118). The division of the year into 
12 months (4000 B.C.) was inspired by the 12 orbits of the moon around the Earth in 
one tropical year. But this creates a problem of time reckoning because the time 
between lunar phases is only 29.5 Earth days (Zeilik 1988, 152; Wendorff 1985, 14), 
but the solar year has 12.368 lunar months. As a consequence, the length of the 
month is now purely conventional and no longer related to the lunar month. The 
division of the day into 2 x 12 h is explained by geometrical considerations. During 
the summer only 12 constellations can be seen in the night sky, which led to the 12 h 
division of day and night. According to the sexagesimal system, there are 10 h 
between sunrise and sunset, as indicated by a sundial, to which 2 h are added for 
morning and evening twilight (see Whitrow 1989, 28-29; Wendorff 1985, 14, 49). 
When the year and the day are set to start also depends on conventions and social 
needs. In ancient Egypt, for instance, the year began on July 19 (according to the 
Gregorian calendar), since this date marked the beginning of the flooding of the Nile 
(Wendorff 1985, 46). In the late Middle Ages there existed a wide variety of New 
Year’s days: Central Europe (December 25); France (March 21; changed to 1st 
January in 1567); British Isles, certain parts of Germany and France (March 25) 
(Wendorff 1985, 185; Elias 1988, 21f). 

Despite these aspects of conventionality, it must be emphasized that the con¬ 
ventional units of time must keep track of natural units of time. For otherwise, 
conventional units of time will fall out of step with the periodicity of the natural 
units. The measurement of time is inseparably connected with the choice of certain 
inertial reference frames, like the ‘fixed’ stars, the solar system, and the expansion 
of galaxies or atomic vibrations (Clemence 1966, 406-409). It was one of the great 
discoveries of Greek philosophy to have realized that there exists a link between 
time and cosmology. The existence of conventional units of time thus presupposes 
the existence of natural units of time. The existence of physical time can be 
justified by a consideration of the consequences of idealist and empiricist notions 
of time (cf. Schlegel 1968, Preface, Chap. I; Rugh and Zinkernagel 2009). 


2.3 The Need for Physical Time 


Time and Space are among the fundamental physical facts yielded by our knowledge of 
the external world. (Gunn 1930, 215) 
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What happens when physical time is neglected can be gleaned from a consider¬ 
ation of Saint Augustine’s famous reflections on time and by the attempts of the 
British empiricists to grapple with the notion of time. 


2.3.1 Saint Augustine (354-430 AD.) 

For Saint Augustine time emerges with the creation of the material world by a Deity. 
Saint Augustine rejects as nonsensical the question whether time existed before 
God’s creation of the universe. God exists in a timeless manner. Time is co-existent 
with the creation of material events but not co-eternal with God’s existence 
(Augustine 1961, Bk. XI, Sect. 14). At first. Saint Augustine associates time with an 
awareness of a ‘before-after’ relationship between physical events. These material 
events come into being with the creation of the universe. As will be discussed in 
Chap. 3, Saint Augustine partly embraced what was later to be called a ‘relational 
view’ of time (see Box I). This is essentially the view that physical time depends on a 
‘before-after’ relationship, a succession of events in the material universe. Saint 
Augustine also rejects the Platonic view that physical time is be identified with 
celestial motion because he refers to a statement in the Bible, according to which 
Joshua made the sun stand still so that a battle could be won (Augustine 1961, BK. 
XI, Sect. 23). He does not specify which events he has in mind; in particular he does 
not specify whether the ‘before-after’ relation between events is of a regular or 
irregular nature. Saint Augustine’s reflections start with the postulation of physical 
time through the creation of material events. Then his reflections turn to the question 
of the measurement of time. But when he asks himself how time is measured, 
surprisingly he does not refer to physical clocks, which were available at his time: 
water clocks, shadow clocks, sun dials. He slips into psychological language and 
makes the human mind the metric of time. We remember the past, we are aware of 
the present, we anticipate the future. There is, however, a certain problem with the 
awareness of the present. Saint Augustine arrives at the view that ‘the present is 
without duration’ because he entertains a mathematical notion of time, in which each 
interval of time can be subdivided into ever smaller intervals. Consider the time it 
takes to utter a phrase like ‘Saint Augustine’. A speaker needs a certain amount of 
time to pronounce this name, so that this phrase can be further subdivided into past 
and future segments. As s/he speaks, the sounds seem to emerge from the future only 
to recede irretrievably into the past. Perhaps then the present is not the time it takes to 
utter the phrase ‘Saint Augustine’ but occurs when a particular syllable is spoken. 
But even the utterance of a syllable takes time and this interval can be further 
subdivided into past and future. As long as an event has duration it can be further 
subdivided into future and past moments. By this kind of mathematical reasoning. 
Saint Augustine concludes that the present has no duration. It is a metaphorical knife 
edge. Despite this conundrum time seems to be measurable. 
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Box I: A brief Introduction to the Philosophy of Time 

It is convenient to distinguish three influential philosophies of time, to which 

the discussion will return throughout. 

• The realist view (I. Barrow, I. Newton) is the view that time is a physical 
property of the universe, over and above other properties, and that time 
would exist even in an empty universe. This view can be expressed in the 
slogan that the ‘universe has a clock’, since according to this view some 
master clock exists which measures the ticking of time across the whole 
universe, even if no physical events occurred in this universe. In modern 
discussions it reappears as the block universe, often accompanied by an 
idealist view of time. 

• The relational view (G. Leibniz, E. Mach, partly Saint Augustine) is the 
view that time depends on the succession of physical events in the uni¬ 
verse, such that time would not exist in an empty universe. This view can 
be expressed in the slogan that ‘the universe is a clock’ since according to 
this view there is no master clock and clocks depend on the existence of 
regular, periodic processes in the universe. This view is a version of the 
Heraclitean view of flux and becoming. 

• The idealist view (I. Kant, partly Saint Augustine and, surprisingly, many 
physicists and philosophers) is the view that time is a property of the 
human mind. The passage of time in the physical universe is an illusion or 
a human construction, and hence time depends on the existence of human 
observers. A complement of this view is the so-called block universe, i.e. 
the view that physical reality is a timeless, unchanging being. This view is 
a version of the Parmenidean view of stasis. 


We can be aware of time and measure it only while it is passing. Once it has passed it no 
longer is and therefore cannot be measured. (Augustine 1961, BK. XI, Sect. 16) 

The future has not yet arrived and the past has gone. So how do we measure the 
present time, if it has no duration? Time is coming out of what does not yet exist, 
passing through what has no duration and moving into what no longer exists 
(Augustine 1961, BK. XI, Sect. 21). What measurable period could be used as a 
yardstick to measure temporal intervals? Some of his Greek predecessors offered 
the periodic regularity of planetary motion as a metric but Saint Augustine is as 
dissatisfied with this answer as Aristotle was. The movement of bodies is always 
measured in time, but time is never measured by reference to the movement of 
bodies, including the sun (Augustine 1961, BK. XI, Sects. 23-24). The mea¬ 
surement of bodies in motion presupposes a notion of time, ‘It is by time that we 
measure the course of the sun’ (Augustine 1961, BK. XI, Sect. 23). Secondly, 
bodies (including the sun) move more or less quickly or remain at rest but their 
motion and rest are still measured by way of time. This answer is of course 
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Fig. 2.2 Sun dials. Wikimedia Commons 

inaccurate, since the Greeks already employed the relative regularity of physical 
processes to construct sundials, shadow clocks and water clocks as time pieces to 
measure less regular intervals; and they regarded the motion of the planets as 
circular and uniform (Fig. 2.2a, b). But Saint Augustine does not consider these 
possibilities. This neglect leaves the mind as the metric of time. It is the human 
mind, which measures time and its ‘flow’. As time is not objective, the human 
mind measures the impressions, which the passing of external things leave on it. 
Events flow from future to past, through the present and leave traces on the human 
mind. It is these impressions, which the mind measures. A long past is a long 
remembrance of the past; and a long future is a long expectation of the future 
(Augustine 1961, BK. XI, Sect. 28). The human mind becomes a metric of time: it 
has an expectation of future events, it is aware of the passing of present events and 
it remembers past events. 

Saint Augustine argues from objective beginnings of physical time to time as 
the extension of the mind (Augustine 1961, BK. XI, Sect. 26). The conclusion is 
that the mind can be aware of time and measure it only while it is passing 
(Augustine 1961, BK. XI, Sect. 16). It is only in individual minds that time is 
measured, which makes time a subjective experience (cf. Lucas 1973, Pt. I, Sects. 
1, 2 for a modern defense of mental time). 

Thus Saint Augustine makes an implicit distinction between the ‘before-after’- 
relation between material events and the ‘past-present-future’ relation, which 
depends on human awareness. 

Consider an analogy with sound. A group of observers sits on a hill above a 
tennis court in the distance. They can see the players on the court but as sound 
travels more slowly than light they experience a curious effect. They watch the two 
players serve the ball before they hear the sound. So on Saint Augustine’s analysis 
of the measurement of time, when they see player A serve the ball, the sound still 
lies in the future although its arrival is anticipated. Then the sound arrives and is 
perceived as the sound waves pass by the observers. The sound then recedes into 
the distance beyond their earshot; it is in their past and they only remember it. 
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Events pass from the future into the past but they leave an impression on the mind, 
and it is this impression, which the mind measures. We do not say ‘past time is 
long’ because the past no longer exists. We say that a long past is a long 
remembrance of the past. And a long future is a long expectation of the future 
(Augustine 1961, BK. XI, Sect. 28). 

Saint Augustine’s conception has severe limitations: 

1. Although Saint Augustine admits that the awareness of time requires a ‘before- 
after’ relation between events and physical time is co-existent with the creation 
of the material world—the measurement of time occurs in the mind and 
therefore possesses no objectivity. But Saint Augustine cannot evade the need 
for physical time, since he admits that there is a succession of events in the 
physical world (Augustine 1961, BK. XI, Sect. 27). This succession of events is 
objective although Saint Augustine does not consider it worthy as a candidate 
for a metric to measure the duration of time between two events. Saint Augustine 
suggests that the mind can serve as a metric thus rejecting several other possible 
metrics. As mentioned, during Saint Augustine’s time water clocks, shadow 
clocks and sun dials existed, which could have provided a rough but objective 
measure of the duration of events. The choice of a metric is conventional but the 
occurrence of material events is not as they are separated by intervals between 
an earlier and a later event (see van Fraassen 1970, 77). Saint Augustine treats 
time as an extension of the mind, which made him the founder of psychological 
time. But psychological time falls victim to the vagaries of psychological states. 
Thus, Saint Augustine’s notion becomes idealist and subjective at the same time, 
since time is measured in individual minds as a result of impressions left on them 
through passing events. But his notion of time also contains relational elements 
since he begins his reflections by the observation that we are only aware of time 
where there is change in the physical world. This change affects the human mind 
and the past-present-future relation as categories of the mind; it gives rise to a 
subjective measurement of time. 

2. Human time only exists in individual minds, which constitute metrics of time. 
This thesis reduces time to psychological time. But psychological time suffers 
from two defects: first, it lacks regularity since the way an individual perceives 
the duration of a particular event depends on their psychological states; second, 
it lacks invariance since the same individual cannot compare the assessment of 
duration on two different occasions, nor can two individuals compare their 
respective evaluation of elapsed time on the same occasion. Psychological time 
is not invariant across different perspectives. But both regularity and invariance 
are important features of a measurable passage of time and have important 
philosophical consequences. 

3. According to Saint Augustine the present time is mathematically divisible into 
infinity so that any present moment, however, short, can always be subdivided 
into smaller units. But this is not a statement about physical time. Saint 
Augustine conflates the present as a physical interval—a period of some 
duration—and as a mathematical instant—a duration-less point (Lucas 1973, 
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Pt. I, Sect. 4; cf. Newton-Smith 1980, Chap. VI; Denbigh 1981, Chap. 3, 
Sect. 3). There could exist a shortest possible time interval: for some time 
physicists have speculated that there might exist a ‘chronon’, a unit of time 
which is determined by the time it takes a light signal to cross the diameter of 
an electron; more recently the suggestion has been made in the area of quantum 
gravity that the shortest possible moment of time is defined by Planck time. 
This is a much shorter interval but it would still make time discrete (cf. Smolin 
2006). 


2.3.2 David Hume (1711-1776) and John Locke 
(1632-1704) 

In Saint Augustine’s reflections we are faced with a curious mixture of a relational 
view and an idealist view of time. The relational view of time was developed by 
G. W. Leibniz in the 17th century and it is based on the need for physical time. 
The idealist view of time was developed by I. Kant in the 18th century in oppo¬ 
sition to both Leibniz’s relational view and Newton’s realist view of time. As we 
shall see Kant’s idealist view of time is beset by the same difficulty as Saint 
Augustine’s view of the measurement of time. Kant, despite his avowal that time 
exists only in the mind, implicitly acknowledges the need for physical time in his 
employment of the notion of causality. But these difficulties are not restricted to 
idealism; they also afflict the views of the British empiricists. As is well-known the 
British empiricists take the mind to be a tabula rasa, on which the external world 
leaves impressions, which by cognitive processes are transformed into ideas. But 
the basic tenet of British Empiricism is that there can be no succession of 
impressions without a succession of perceptions, which themselves are caused by 
the succession of real, perceived events. British Empiricism presupposes a suc¬ 
cession of events in the physical world, without which no mental impression of 
objects in the physical world could be formed. Both David Hume and John Locke 
base their reflections on time on this basic tenet. Thus Hume opens his Treatise of 
Human Nature (1739) with the statement that ‘all the perceptions of the human 
mind resolve themselves into two distinct kinds’: impressions and ideas. Their 
difference lies in the degree of liveliness and force, with which they are perceived; 
their difference is one of ‘feeling’ (sensation) and ‘thinking’ (reflection). For Hume 
‘our impressions are the causes of our ideas’ (Hume 1739, Bk. I, Section I). The 
order of events is then that impressions strike upon our senses, producing per¬ 
ceptions of hunger, heat, pain, pleasure etc.; and these impressions then give rise to 
ideas (copies of impressions) in our minds (Hume 1739, Bk. I, Section III). 

Consequently, both space and time are abstract ideas—the first being charac¬ 
terized by extension, the second by duration. Hume defines time as a succession of 
perceptions in the human mind. Although Hume accepts that without a succession 
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of impressions and ideas there can be no notion of time, he does not accept a 
notion of physical time: 

Whenever we have no successive perceptions, we have no notion of time, even though 
there is a real succession in the objects. (Hume 1739, 35) 

Hume seems to fall prey to his own empirical presuppositions. He sees 
impressions as the causes of ideas, and from this basic tenet of Empiricism he 
concludes that time ‘is always discovered by some perceptible succession of 
changeable objects’ (Hume 1739, 35; italics in original). By tying the notion of 
time to perceivable successions, Hume ‘refuses to time any reality save that of a 
succession of ideas’. But Hume does not seem to realize that this ‘mental syn¬ 
thesis’ presupposes an awareness of objective change (Gunn 1930, Sect. III.8; 
Kronz 1997, Sect. 5). Hume implicitly acknowledges the need for physical time, 
irrespective of human perceptions, because ‘perceivable successions of changeable 
objects’ are simply a subset of changeable objects. A perceivable succession 
presupposes a succession of changeable events. The events and objects affect our 
senses, and thus lie at the root of our impressions. 

It is to John Locke’s credit that in his Essay Concerning Human Understanding 
(1689) he shows awareness of this basic difficulty in British Empiricism. This 
awareness makes Locke’s reflections on time more sophisticated than Hume’s but 
ultimately he fails to overcome the difficulty. Locke, like Hume, locates the 
notions of duration and succession in the flow of ideas in human minds. Ideas 
themselves have their sources in sensations or reflections. The ultimate source of 
our knowledge is experience and the experience of ‘external sensible objects’ 
(sensation) is one source of our knowledge. But the mind can reflect on these ideas, 
originating from sensations, and make them ‘the object of mental operations’ 
(Locke 1964/1690, Bk II, Chap. I). After this empiricist introduction Locke 
proceeds to apply his ideas to the notion of time. He makes a distinction between 
duration and time (Locke 1964/1690, Bk. II, Chap. XIV; cf. Gunn 1930, Sect. 
III.5). The perception of duration derives from a succession of ideas in the mind. 
The perceiver is only aware of the train of ideas when s/he is awake but not during 
hours of sleep. When ‘that succession of ideas ceases’ in moments of uncon¬ 
sciousness, ‘our perception of duration ceases with it’. Of duration, then, Locke 
furnishes a very psychologistic account, for ‘we cannot perceive that succession 
(of ideas) without constant succession of varying ideas during our waking hours’. 
Yet Locke is aware, like Saint Augustine, to whom he refers, that the idea of 
duration, arising from reflection on the succession of ideas in the mind of the 
perceiver, gives rise to a consideration of measure. The mind needs to 

get some measure of this common duration, whereby it might judge of its different lengths, 
and consider the distinct order wherein several things exist, without which a great part of 
our knowledge would be confused and a great part of history rendered useless. This 
consideration of duration, as set out by certain periods, and marked by certain measures or 
epochs, is that, I think, which most properly we call time. (Locke 1964/1690, Bk.II, Chap. 
XIV, Sect. 17) 
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Thus Locke distinguishes between the passage of time (duration) and the 
measurement of time, and reserves the notion of time to measurable duration of 
external events. Locke recognizes the need for both human time, which for him 
resides in the flow of ideas, and physical time, which resides in objective 
physical change. But Locke grants no priority to physical time, and bestows 
more significance on human time (duration) than on physical time. Just like 
Aristotle before him, he denies that the idea of succession arises from the 
observation of motion. We have to distinguish carefully ‘betwixt duration itself 
and the measure of duration for our measures of duration are a matter of choice. 

For the freezing of water, or the blowing of a plant, returning at equidistant periods in all 
parts of the Earth, would as well serve men to reckon their years by, as the motions of the 
sun; and in effect we see that some people in America counted their years by the coming of 
certain birds amongst them at their certain seasons, and leaving them at others. (Locke 
1964/1690, Bk.II, Chap. XIV, Sect. 20) 

Our choice of measure is a matter of convention. More importantly, we have no 
guarantee of the equality of any pairs of duration, ‘for two successive lengths of 
duration, however, measured, can never be demonstrated to be equal’ (Locke 
1964/1690, Bk. II, Chap. XIV, Sect. 21). Locke points out, as Newton did at the 
same time, that the motion of the sun suffers from irregularities. But even the ‘two 
successive swings of a pendulum’ cannot be known to be equal. 

Since then no two portions of succession can be brought together it is impossible ever 
certainly to know their equality. (Locke 1964/1690. Bk. II, Chap. XIV, Sect. 21) 

In view of such apparent uncertainty, Locke gives preference to human time. The 
ideas of succession and duration are formed ‘by reflection on the train of our own 
ideas’ (Locke 1964/1690, Bk. II, Chap. XIV, Sect. 27). However, this lapse into 
psychologism and focus on mental time, at the neglect of physical time, suffers from 
the same defects as Saint Augustine’s psychological time. Mental time is essentially 
private, which makes it impossible to compare two temporal intervals, which suc¬ 
ceed each other. Individual observers cannot know, in principle, whether their 
‘measurements’ of the duration of external events is regular and invariant. Thus 
Locke’s objection to the measurement of physical time also applies to his mental 
time. Compare this situation to the use of a mental yardstick to measure some spatial 
length. A joiner is repairing a piece of furniture and needs a short piece of wood. No 
meter is to hand and he can only rely on his intuition. He has some suitable pieces of 
wood in his van but he must choose their lengths from memory. His task is 
impossible. To remember the duration of events, in the absence of any clocks, is 
equally difficult. There is no regularity in memories and they are dependent on 
particular perspectives or psychological states; hence they are not invariant. To 
secure regularity and invariance, there is a need for physical time. But how can the 
difficulties with the measurable passage of time, emphasized by Aristotle and Locke, 
be overcome? In the history of time reckoning this problem has been solved by the 
method of triangulation. We measure less regular processes by increasingly more 
regular processes, and eventually arrive at fairly accurate time pieces. Locke 
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emphasizes himself that the ‘revolutions of the sun’ are not the only measure of 
duration. In his own time his contemporaries began to use the pendulum ‘as a more 
steady and regular motion than that of the sun or (to speak more truly) of the Earth’ 
(Locke 1964/1690, Bk. XIV, Sect. 21). Although two successive swings of a pen¬ 
dulum cannot be compared in order to see whether they are equal what can be 
compared are the oscillations of a pendulum against, say, the rotations of a spinning 
sphere. Locke acknowledges as much when he speaks of the relations of time. 

Thus, when anyone says that Queen Elizabeth lived sixty-nine and reigned forty-five 
years, these words import only the relation of that duration to some other, and mean no 
more but this, that the duration of her existence was equal to sixty-nine, and the duration 
of her government to forty-five annual revolutions of the sun; and so are all words, 
answering. How long? (Locke 1964/1690. Bk. II, Chap. XXVI, Sect. 3) 

In the end, then, Locke refers the measurement of time to cosmological pro¬ 
cesses, like the ancients. Since the Copernican Revolution the dual mobility of the 
Earth has served humanity as a yardstick for the measurement of the passage of 
time. We have to turn to Kant’s cosmology to witness the first appearance of an 
arrow of time. 


2.4 Kant’s Cosmology 

Before Kant (1724-1804) developed his idealist view of time, he proposed an 
evolutionary view of the cosmos. His idealist view of time is, as we shall see later, 
objective rather than subjective. Kant had inherited the Copernican worldview, 
first proposed in the modern age by Nicholas Copernicus (1543) and later refined 
by Kepler, Galileo, Descartes and Newton, according to which the sun was the 
centre of the solar system and the planets orbited the sun in elliptical orbits. But 
when Kant published his General History of Nature and Theory of the Heavens 
(1755) the extent of the universe was no longer confined, as Copernicus had still 
assumed, to the solar system and the fixed stars on the horizon. Kant’s treatise is 
the first systematic attempt to give an evolutionary account of cosmic history 
(Whitrow 1989, 153). Kant’s evolutionary history is limited to the physical uni¬ 
verse, since he explicitly excludes living organisms from his evolutionary con¬ 
siderations. Kant depicts the order of nature as an unfolding, ongoing process and 
distances his view from the Biblical story of a six-day creation process. 

The Creation is never finished or complete. It did indeed once have a beginning but it will 

never cease. (Kant 1755, Seventh Chapter, 145; cf. Toulmin and Goodfield 1965, 130) 

According to Kant the cosmos reveals a dynamic history and is no longer split 
into two spheres: the realm of eternity, perfection, and symmetry as against the 
realm of temporality, imperfection and asymmetry. Kant conceives of the whole 
cosmos as an ordered structure, in analogy with the solar system. The solar system 
is only part of a larger structure, the Milky Way, which is our home galaxy. But 
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the universe plays host to other galaxies, which may only appear as ‘small 
luminous patches’ in the telescope (Toulmin and Goodfield 1965, 129-131). This 
whole hierarchical structure is governed by dynamic laws, similar to the ones, 
which Kepler had formulated for the solar system. Kant argues that the whole 
cosmos consists of ordered systems, like our solar system, and that the smaller 
systems can be understood as embedded in larger systems within galaxies. And the 
galaxies themselves form larger systems, which are known as clusters. 

Furthermore this cosmic order was the result of the action of mechanical laws, 
which moulded the original chaos into the observable order of nature. The 
mechanical laws work in a regular, predictable fashion. The work of blind 
mechanisms, which drove the mechanical evolution of cosmic history, does not, in 
Kant’s view, throw serious doubts on philosophical proofs of a divine creator 
(Kant 1755, Preface). Kant assumes that the Deity is the first cause, who sets the 
whole machinery in motion, thus leaving an ‘agreement between my system and 
religion’. The implication is, however, that creation is not the act of a single 
moment (Kant 1755, Seventh Chapter, 145). Kant proposes the idea of a succes¬ 
sive extension of ‘creation’ through the infinite universe. Kant thought that Nature 
underwent formations of order, out of chaos. The importance of this theory of 
cosmic evolution for the notion of time is that it throws serious doubt on the 
Biblical chronology of 6,000 years. Bishop James Ussher (1581-1656), for 
instance, had calculated the creation of the world as occurring on October 23, 4004 
B.C. But Kant’s position implies that the gradual establishment of order out of 
chaos had taken a vast period of time. 

There had perhaps flown past a series of millions of years and centuries, before the sphere 
of ordered Nature, in which we find ourselves, attained the perfection which is now 
embodied in it; and perhaps a long period will pass before Nature will take another step as 
far in chaos. But the sphere of developed Nature is incessantly engaged in extending itself. 
Creation is not the work of a moment. (Kant 1755, Seventh Chapter, 145) 

Working within a Newtonian paradigm, Kant relates the creation of order out of 
chaos to an infinite time scale: 

This infinity and the future succession of time, by which Eternity is unexhausted, will 
entirely animate the whole range of Space to which God is present, and will gradually put 
it into that regular order which is conformable to the excellence of His plan. (...) The 
creation is never finished or complete. It has indeed once begun, but it will never cease. It 
is always busy producing new scenes of nature, new objects, and new Worlds. (...) It 
needs nothing less than an Eternity to animate the whole boundless range of the infinite 
extension of Space with Worlds, without number and without end. (Kant 1755, Seventh 
Chapter, 145) 

Although Kant paints a picture of an evolutionary universe, it did not include 
organic nature. Kant speculated that the whole mechanical world would be 
understood by reference to mechanical laws before ‘a single weed or caterpillar’ 
could be explained from mechanical causes (Kant 1755, Preface, 29). Kant’s 
evolutionary account of cosmic history does not include the evolution of species. 
This inclusion had to wait 104 years until Darwin published his Origin of Species 
(1859) (Weinert 2009, Sect. II.l). 
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According to some commentators, Kant seems to have believed in a cyclic 
cosmology, each cycle ranging from a Big Bang to a Big Crunch (Toulmin and 
Goodfield 1965, 134), an idea, which has been resurrected in modern cosmology 
(Penrose 2010). He certainly postulated a ‘Big Bang’ scenario, from which the 
present order of Nature evolved according to mechanical laws. It seems that our 
world has attained ‘perfection’—a common assumption amongst Enlightenment 
philosophers—but other worlds are still evolving towards perfection. According to 
Kant’s cosmic expansion hypothesis, the formation of the universe is marked by a 
basic asymmetry, since mechanical laws work on the original chaos to produce the 
current, ordered state of the world. But it is not clear from Kant’s statement whether 
he subscribed to a cycle of cosmic evolution and cosmic destruction. Rather, Kant 
seems to recognize that decay and destruction are built into the fabric of nature. He 
envisages that ‘whole worlds’ and ‘whole world orders’ will decline but he also 
holds that the phoenix of nature will create new worlds and new world orders. 

Millions and whole myriads of centuries will flow on, during which always new Worlds 
and systems of Worlds will be formed, one after another, in the distant regions away from 
the Centre of Nature, and will attain perfection. (Kant 1755, Seventh Chapter, 145; 
cf. Kragh 2007, 78-83) 

Thus Kant does not seem to envisage that the whole universe will expand, grind 
to a halt, and re-contract to collapse into a Big Crunch. Rather, regions of the 
universe will fall into decline to be replaced by other regions elsewhere in the 
universe, where ever productive nature will install new orders. As we shall see 
later, these speculations are surprisingly close to the views of Ludwig Boltzmann 
and modern cosmology. This pattern of decline and renewal, this destruction of old 
worlds and the ever present operation of mechanical laws, invests the cosmic 
evolution with an arrow of time. But Kant did not only provide an evolutionary 
account of cosmic history, he also developed his own theory of space and time. His 
views on time became very influential and were taken up by proponents of the 
Special theory of relativity. Kant develops this view in his Critique of Pure Reason 
(1781). It stands in stark contrast with his view on an evolutionary cosmos, which 
clearly implies a physical notion of time. But in his later work, Kant embraces an 
idealist view of time, which, in contrast to Saint Augustine’s view, is objective in 
nature. Still, Kant does not escape the difficulties, which accrue, when the need for 
physical time is neglected in one’s view of time, as will now be discussed. 


2.5 Time and Causality 


Space and time expand with the universe because they are the universe. (Shallis 1983, 98) 

If the universe expands, there must be a succession of events, and this succession 
may serve as a criterion for the direction of time. Both Kant and Leibniz establish 
a link between the anisotropy of time and the causal succession of events, a topic, 
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which will be investigated in this section (cf. van Fraassen 1970, Chap. VI; 
Whitrow 1980, Sect. 7.2). At least Leibniz situates this link on the global scale. 


2.5.1 Immanuel Kant (1724-1804) 

In Saint Augustine and the British Empiricists, we have already come across the 
basic idea behind an idealist view of time. Saint Augustine, as shown, endorses a 
physical notion of time but declares individual minds its metric when he asks 
himself how the passage of time is to be grasped. Such a metric of time lacks 
regularity and invariance, since the perception of temporal intervals and durations 
is subject to the fluctuations of individual mental states. Saint Augustine therefore 
became the pioneer of internal time. The British Empiricists also accept a notion 
of physical time, as a succession of material events, but their major emphasis is on 
mental time. By contrast Kant proposes an objective idealist view of time but he 
too has to admit the importance of physical time. He holds that in the absence of 
human beings who perceive objects of the external world, there is no time, ‘Time 
is a purely subjective condition of our (human) intuition (which is always sensible, 
that is, so far as we are affected by objects)’. But Kant does not make individual 
minds the metrics of time. He holds that time and space are ‘pure forms of 
intuition’ (Kant 1787, B51/A35). He means that time and space belong to the a 
priori conditions of the human mind, amongst others, under which humans per¬ 
ceive the external world. All humans possess this form of intuition. Therefore, 
insofar as external objects appear to us and enter our experience, time ‘is neces¬ 
sarily objective’ (Kant 1787, B51/A35). It is objective, because all objects of the 
external world appear to the human mind in the same temporal order. But 

it is no longer objective, if we abstract from the sensibility of our intuition, that is, from 

that mode of representation, which is peculiar to us, and speak of things in general. (Kant 

1787, B51/A35) 

Kant does not claim that the external, unperceived world is a timeless block 
universe. He simply states that the order of the ‘noumenal world’—the world of 
objects in itself—is unknowable to us. But in the ‘phenomenal world’ of our 
perception humans experience all perceivable objects as temporally ordered. Time 
and space may be a priori forms of intuition, still this inner and outer sense, 
respectively, must operate on the appearance of external objects. A similar situ¬ 
ation arose for Locke and Hume. Time may be merely a ‘succession of ideas’ but 
the ideas are formed through mental operations on impressions and these 
impressions follow a sequential order. Although Locke accepts that external things 
appear in some regular, temporal order, which constitute time, he places more 
importance on the mental idea of duration (passage of time). Hume simply reduces 
time to the succession of perceptions. 

Although these thinkers belittle the importance of physical time, they never¬ 
theless introduce an implicit distinction between physical and human time. Kant 
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argues that time is a ‘subjective condition of human intuition’; he nevertheless 
makes a concession to physical time. In his chapters on the Analogies of Expe¬ 
rience (Kant 1787, B233-B256), he argues that a temporal order is produced 
through the application of the category of relation (subdivided into substance, 
causality, reciprocity) to perception. Kant’s achievement is to have shown how 
objective knowledge can be obtained from the perception of external objects. In an 
effort to obtain an objective notion of time, the Principle of Succession in Time, in 
accordance with the Law of Causality is of particular importance, since it is a rule, 
by which humans connect cause and effect. It states: ‘All alternations take place in 
conformity with the law of the connection of cause and effect’ (Kant 1787, B232; 
cf. Gardner 1999, Chap. 6, esp. pp. 174-175; Brittan 1978, Chap. 7). All changes 
occur according to the law of causality. It is this law of causality by which 
succession in time is determined (Kant 1787, B246). 

Kant explains its application in the following terms: 

• All appearances of succession in time are only changes in the determinations of 
substances, which themselves abide (A189/B233). The substances are thus the 
invariants, whose properties undergo change. For change to be regular, as 
Heraclitus already suggested, there must be some invariance through change. 

• All changes occur through the law of causality, that of the connection of cause 
and effect (Kant 1787, A189/B233). The law of causality is a rule which states 
that the conditions, under which an event invariably and necessarily follows is to 
be found in what precedes the event (Kant 1787, B246). Hence the event 
incorporates the antecedent conditions (cause), which determine the consequent 
conditions (effect). The law of causality has a temporal dimension, since for an 
effect to be caused, the antecedent conditions must be prior to the consequent 
conditions. This situation even obtains when cause and effect occur simulta¬ 
neously, as in Kant’s example of the ball, which presses a dent in a cushion. 

If I view as a cause a ball which impresses a hollow as it lies on a stuffed cushion, the 
cause is simultaneous with the effect. But I still distinguish the two through the time- 
relation of their dynamical connection. For if I lay the ball on the cushion, a hollow 
follows upon the previous flat smooth shape; but if (for any reason) there previously exists 
a hollow in the cushion, a leaden ball does not follow up it. (Kant 1787, B248-B249) 

It is this law of causality, according to which we determine perceptions 
according to the succession in time, which must make a reference to external 
events, in order to avoid a vicious circle. The events, which succeed each other in a 
causal manner, do so irrespective of human awareness. The human mind, however, 
links them as ‘cause’ and ‘effect’. 

• Finally, objects can appear to humans as existing simultaneously, only insofar as 
they interact with each other. Again this perception presupposes an interaction 
between physical objects, before they can appear as simultaneous to the human 
mind. 
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Hence if time is to be an objective feature of the human mind, the rule of 
causality, by which succession in time is established, must be objective." That is, 
in order to avoid a vicious circle the succession of objects must be located in the 
external world. Kant illustrates this contrast between subjective and objective 
succession through a judicious example: he compares the perception of a house to 
the perception of a moving ship. The order, in which the perceptions appear to the 
observer, is freely chosen in the first case (the house) but necessary in the second 
case (the ship). In the case of the house 

my perceptions could begin with the apprehension of the roof and end with the basement, 
or could begin from below and end above; and I could similarly apprehend the manifold of 
the empirical intuition either from right to left or from left to right. (Kant 1787, B238) 

But the case of the ship, moving downstream, is quite different: 

My perception of its lower position follows upon the perception of its position higher up in 
the stream, and it is impossible that in the apprehension of this appearance the ship should 
first be perceived lower down in the stream and afterwards higher up. The order in which 
the perceptions succeed one another in apprehension is in this instance determined, and to 
this order apprehension is bound down.’ (Kant 1787, B237) 

In the latter case then, 

(t)he objective succession will therefore consist in that order of the manifold of appearance 
according to which, in conformity with a rule, the apprehension of that which happens 
follows upon the apprehension of that which precedes. (Kant 1787, B238) 

This rule is the rule of causality, according to which reason carries ‘the time- 
order over into the appearances and their existence’ (Kant 1787, B245). Kant never 
explicitly states that events follow each other according to a ‘before-after’ rela¬ 
tionship and thus constitute physical time. Kant is preoccupied with the necessity 
and universality of knowledge, which cannot be obtained from sensual experience 
alone. Kant locates the necessity and the objectivity of succession in apprehension 
in the rule of causality. Still, Kant is not interested in succession as a ‘merely 
subjective play of my fancy’ (Kant 1787, B247), but in its objectivity. Hence Kant 
implicitly acknowledges the need for physical time. Objective change can only be 
perceived and experienced if the change takes place objectively in the external 
world. However, his idealistic tendencies prevent him from calling this ‘objective 
succession’ simply (physical) time. But there is no escape. An objective idealist 
view of time must presuppose a succession of events in the physical world in order 
to secure the regularity and invariance of succession, which Kant requires for his 
theory of how appearances are turned into objective knowledge. ‘The function of 
causality is to order objectively the sequence of perceptions given by the sensi¬ 
tivity according to a rule’ (Kant 1787, B238-B239). 

Although the Kantian view was to find support in the Special theory of rela¬ 
tivity, it does not imply that time is a human illusion. As we shall see Kant 


2 Note that Kant identifies causality with determinism, as was customary prior to the arrival of 
quantum mechanics, see Weinert (2004), Chap. 5. 
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perceives time as an objective feature of the structure of the human mind, which 
produces the same succession of events in every human observer. 

According to Kant, the outer world causes only the matter of sensation, but our own 
mental apparatus orders this matter in space and time, and supplies the concepts by means 
of which we understand experience. (Russell 2000/1946, 680) 

When Kant talks about time as a ‘subjective condition of our (human) intuition’, 
whilst claiming that there is no time in the absence of human observers, he is really 
talking about the structure of human time (Locke’s duration). There is indeed no 
human time—no calendars, no dating systems—in the absence of humans. Kant’s 
emphasis on human time is the result of his Copernican turn (Kant 1787, BXVII), 
according to which our experience of given objects, in so far as they are knowable, 
must conform to our concepts. As Kant is a transcendental idealist and empirical 
realist, he does not really deny the existence of an objective succession of events. 
This impression is confirmed by his evolutionary cosmology and by a ‘causal 
theory of time, which he embraces in his second analogy of experience’. 3 


2.5.2 Gottfried W. Leibniz (1646-1716) 

The rule of causality guarantees the objective order of events. It was in fact G. W. 
Leibniz who grasped ‘the importance of the subject of order to the theory of time 
and space’ (cf. van Fraassen 1970, 35; Jammer 2007). As discussed in Chap. 3, 
Leibniz is famous for his ‘relational theory of space and time’, which he contrasted 
with Newton’s view of ‘absolute time’. What does Leibniz mean by ‘order’? 
Leibniz was a believer in the mechanical worldview, which adopted, amongst other 
principles, the axiom of the universal causal concatenation of all events. 

My earlier state involves a reason for the existence of my later state. And since my prior 
state, by reason of the connection between all things, involves the prior state of other 
things as well, it also involves a reason for the later state of these other things and is thus 
prior to them. Therefore, whatever exists is either simultaneous with other existences or 
prior or posterior. (Leibniz 1715, 666) 

From this viewpoint of determinism, which was shared by many 17th century 
thinkers, and culminated in Laplace’s famous demon (Weinert 2004, Sect. 5.1), 
Leibniz derives a causal order of events in the world, and hence a causal order of time. 


3 Brittan (1978), Chap. 7 defends the view that Kant holds a causal theory of time, according to 
which the causal order provides an objective, empirical criterion of temporal order. While this 
thesis emphasizes that Kant must concede the importance of physical time, it omits certain 
aspects of Kant’s view: (a) it neglects that Kant explicitly sets out an objective idealist view of 
time in his Transcendental Aesthetic (Kant 1787, B46); (b) it underemphasizes that Kant is 
preoccupied with an a priori rule of causality and that this rule belongs to the synthetic ‘principles 
of pure understanding’. 
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Time is the order of non-contemporaneous things. It is thus the universal order of change 
in which we ignore the specific kind of changes that have occurred. (Leibniz 1715, 202; 
italics in original; cf. van Fraassen 1970, 35-44) 

Thus Leibniz, too, embraces a causal theory of time. But it is a cause-effect 
relationship of events in the world, rather than an a priori rule. Leibniz postulates a 
universal chain of causality amongst events, thus ignoring ‘the specific kinds of 
changes that have occurred’. With his insistence that time is the order of the 
succession of events Leibniz proposes a topology of time. In his essay, written 
after 1714, he claims that this order is a causal order, not of particular events, but 
of a universal kind. The principle of universal causality is also a feature of clas¬ 
sical physics. But in the framework of classical physics, this metaphysical notion 
of causality is substantiated by the use of deterministic laws, which govern the 
material events. Newton’s classical mechanics operates with a notion of absolute 
of time, which Leibniz opposes with his relational view of time. Yet, despite these 
opposing views, there is the task of specifying the topological notion of the order 
of succession within the framework of classical physics. Leibniz himself hints at a 
possible solution when he points out that this order has a magnitude: 

(...) there is that which precedes and that which follows, there is distance and interval. 
(...). Thus although time and space consist in relations, they have their quantity none the 
less. (Leibniz 1715-1716, Fifth Paper, Sect. 54, 234-235) 

Thus if the spatial and temporal relations have quantity or magnitude, they are 
subject to regularities. For our discussion of the Newtonian and Leibnizian notions 
of time (Chap. 3), it is of great importance to note that, in accordance with his 
mechanical worldview, Leibniz holds that nature is subject to laws of nature: 

The natural forces of bodies are all subject to mechanical laws. (Leibniz 1715-1716, Fifth 
Paper, Sect. 124, 237-238) 

For the regularity, which is associated with ‘mechanical’ laws, gives rise to a 
metric of time. As will be discussed, Newton makes his notion of absolute time a 
prerequisite for the formulation of his laws of motion. In the present context, 
however, it suffices to remember that Leibniz’s view is concerned with the 
topology of time (it is a ‘before-after’ order of successive events), rather than a 
metric of time (a quantification of this order). 


2.6 The Topology of Time 


Any adequate inquiry into ‘time’ is necessarily partly scientific and partly philosophical. 
(Denbigh 1981, Preface) 

Kant, with his evolutionary cosmic hypothesis, assumes a linear notion of time (an 
arrow of time). But is a forward-moving arrow of time the only direction con¬ 
ceivable for time? In his view of the evolution of the cosmos from an original 
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chaos to the observed order of galactic structures through the operation of 
mechanical laws, Kant underwrites two assumptions: one concerns the metric of 
time—or some device by which the passage of time can be measured and quan¬ 
tified; the other concerns the topology of time—or some device by which the shape 
of time—whether it is linear, circular or cyclic—can be ascertained. As has just 
been shown, Kant infers from the operation of mechanical laws that the evolution 
of the cosmos has taken millions of years to reach its present state of order and will 
take many more millions of years to mature to perfection in other cosmic worlds. 
This metric is not precise, since Kant did not know that the Earth is approximately 
4.5 billion years old and that our universe originated approximately 13.7 billion 
years ago. Kant’s cosmic evolution also assumes a linear topology of time. 
According to Kant’s evolutionary hypothesis the cosmos seems to follow a uni¬ 
directional arrow of events from chaos to order. The topology of time concerns the 
geometric shape of time rather than its quantitative measure. It is possible to have 
a topology without a metric. Galileo discovered the topology of the moon—its 
mountains and valleys indicate the geometric shape of the surface of the moon— 
but he did not calculate the height of the mountains, or the depth of its valleys. 
Kant and Leibniz had a clear notion of the topology of time but a crude metric. But 
considerations of the topology of time, even without metric considerations, are 
important in modern cosmology, where the question of the arrow of time has 
gained new significance (Chap. 4). 

Considerations of the topology of time run through the history of human time 
reckoning. They may be based on pure speculation or on a theoretical conjecture 
before evidence favours one or the other topology. An example of speculation 
occurs in archaic societies, which entertain two notions of time. One is profane 
time, in which people spend most of their ordinary lives; it is devoid of meaning. 
People are able to leave profane time and enter mythical time through participation 
in rituals and ceremonies (Eliade 1954, 34-46). Through the imitation and repe¬ 
tition of archetypes, Man is projected to a mythical epoch, in which the archetypes 
were first revealed. The Platonic structure of this archaic ontology is noteworthy. 
Objects or actions only become real if they imitate or repeat an archetype. Objects 
only acquire meaning and reality if they participate in an archetype. As partici¬ 
pation in the archetype involves repetition, archaic and pre-modern societies often 
entertained a cyclic conception of time. They regarded time as a succession of 
recurring events. Time performs a cycle, as illustrated in the quote by Nemesius, 
Bishop of Emesa, in the 4th century A.D.: 

Socrates and Plato and each individual man will live again, with the same friends and 
fellow citizens. They will go through the same experiences. Every city and village will be 
restored, just as it was. And this restoration of the universe takes place not once, but over 
and over again - to all eternity without end. (...) For there will never be any new thing 
other than that which has been before, but everything is repeated down to the minutest 
detail. (Quoted in Whitrow 1989, 42-43) 


2.6 The Topology of Time 

Fig. 2.3 a A spiral view of 
time events E h E 2 etc. recur 
but at a progressively later 
time. Source Wikimedia 
Commons, b A cyclic view of 
space the same locations, Ly 
and L 2 , can be re-visited an 
indefinite number of times; 
the spatial sense is truly 
cyclic 


The notion of cyclic time, however, is incoherent from a philosophical point of 
view, for it presupposes a linear conception of time . 4 If each state of the universe 
recurs infinitely many times, then two possibilities need to be distinguished: 

• Each individual state recurs repeatedly but separated by a temporal interval. At; 
hence each state, S, is identical to any other state. S', (indistinguishable in their 
properties), except for their location in time. But then these states are distin¬ 
guishable with respect to their temporal properties. A cyclic or recurring theory 
of time presupposes a linear progression of time: identical states of the universe 
recur but at a progressively later stage’ (Newton-Smith 1980, 66 ; cf. Fig. 2.3a). 
This spiral view implies that the same moment cannot be visited twice in time. 
The spiral view has no spatial analogue since it is possible to visit the same 
location an indefinite number of times (Fig. 2.3b). 

• A truly cyclic theory of time must affirm that all states, Si, S 2 , S 3 are identical to 
states SV, S 2 , S 3 ', in all, including their temporal properties. But this stipulation is 
inconsistent: (a) If S occurs before S', but otherwise both are identical in their 
properties, then linearity obtains; (b) if S = S' then S and S' are indistinguishable 
in all their properties, including their temporal occurrence; they are exactly the 
same states and no recurrence has occurred. Case (b) employs Leibniz’s Principle 
of the Identity of Indiscernibles, which states that if entities A and B have all 
properties in common, then they are identical: A and B are the same entity. 

Even though, then, cyclic time is inconsistent, its impossibility does not exclude 
other topologies of time, based on theoretical conjectures. If time does not possess 
a cyclic pattern two geometric possibilities remain, in the absence of any empirical 
evidence. 



4 A modem version of cyclic time is Nietzsche’s theory of eternal recurrence. On the problematic 
nature of cyclic time, see van Fraassen (1970), 62ff; Zwart (1976), 244—246; Newton-Smith (1980), 
57f; Whitrow (1980), 39f (Sect. 1.9); cf. Capek (1962), 343ff; Lucas (1973), Pt. I, Sect. 9. 
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(a) 



Fig. 2.4 a Linear time. In this scenario, in which the topology of the temporal universe is 
modelled in a linear fashion, the universe may have a beginning (Big Bang) and no end (‘heat 
death’) or it may have neither beginning nor end (chaotic inflationary universe), b Time as an open 
circle, in which the physical conditions at the beginning of the temporal universe would not 
coincide with those at the end, but the universe recollapses after a moment of maximum extension. 
This scenario, as envisaged by Roger Penrose, means that the physical conditions at the Big Bang 
would differ significantly from those of the Big Crunch. Penrose calls this scenario the Weyl 
hypothesis—it has considerable implications for the asymmetry of time, c Closed time. In this 
scenario, in which the topology of the temporal universe is modelled as a closed circle, the Big 
Bang and the Big Crunch would become physically identical, after the period of recollapse. Does 
this mean that the arrow of time would flip over at the switch over point, when the universe begins 
to recontract? Two-time boundary problems are much discussed in modern cosmology (Chap. 4) 

• Does time have the topology of an open real line or that of a closed circle? Both 
scenarios lead to further questions. 

• If topological time is to be modelled as an open real line, does time have a 
beginning but no end? Or neither beginning nor end? (Fig. 2.4a) 

• If topological time is to be modelled as a circle, do the beginning and the end of 
time coincide? Or do beginning and end differ significantly, in which case the 
end of time would be physically distinct from its beginning (Fig. 2.4b, c). 

These topological questions can be raised in the absence of a metric of time and 
of empirical data, which would permit a clear answer. When cosmologists 
investigate these issues they will find that the data, if they are reliable, do constrain 
the answers to these questions. The topological models envisage geometric pos¬ 
sibilities of the topology of time and physical investigations will have to make a 
choice between them. Let us consider the different scenarios. 


2.6.1 Linearity of Time 

There is a temporal relation, often regarded as the most fundamental relation (Zwart 
1976, 34-37), which is ideally suited for the topological structure of temporal 
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linearity. As Saint Augustine already observed, it is the ‘before-after’ relation 
between events. There is also a philosophical theory of time—the relational 
theory—which is suited to this linear topology (van Fraassen 1970, 61). For the 
relational theory, in Leibniz’s words, time is the order of succession of events. Time 
unfolds, as events happen one after the other, in a one-dimensional line. But for the 
relational view, at least according to its classic statement, time has a beginning. 
It coincides with the creation of the universe and it will last for as long as change 
happens in the universe. But the order of events cannot be changed: if A happens at 
the same time as B , then A and B happen simultaneously for all observers in the 
universe; and if A happens before B, it is logically impossible for B to happen before 
A. Whilst this order relation sounds commonsensical, it has been cast into doubt in 
the Special theory of relativity. If the relational theory is to survive the findings of 
modern physics, it will have to be reformulated in its language. 

The standard topology adopts the order type of linearity, which is represented 
by a line of real numbers (see Newton-Smith 1980, 51; van Fraassen 1970, 58ff; 
Lucas 1973). Real numbers, which include both rational and irrational numbers, 
are needed to express the properties of this order type. The linear view of time 
ascribes to time the topological properties of linearity (time is one-dimensional), 
density (a new instant can be inserted between any pair of distinct instants), and 
either finitude or infinity. It is a mathematical model of linear topology, which may 
not correspond, in every aspect, to physical time. For instance, if according to the 
theory of quantum gravity there exists a shortest unit of time—Planck time—then 
physical time would not be dense in a strict sense of the word; equally if the 
universe started with a Big Bang, then the universe may expand forever but it 
would have a definite beginning. There are several cosmological models, which 
approximate this linear topology. 

1. The standard cosmological model is the Big Bang model, which makes the 
universe spatially homogeneous and isotropic (Weinberg 1978; Penrose 2005, 
718; Kragh 2007, Chaps. 4, 5; Carroll 2010). The Big Bang model assumes that 
the Universe had a definite beginning, and started from a singularity (infinite 
temperature, density) in a gigantic explosion, approximately 13.7 billion 
(1.37 x 10 10 ) years ago. At the very beginning the universe was very hot 
(IQ 1 10 oq, so Jjqj. t | lat neither atoms, nor atomic nuclei or molecules could form; 
only quarks and other fundamental particles were present. But the universe 
began to cool very rapidly so that after the first 3 min, the early universe was 
filled with elementary particles (electrons, neutrinos, protons, photons). Over the 
next millions of years, the universe began to expand and cool so that ordinary 
matter—the first stars (after 150 million years), and galaxies (after 800 million 
years)—could form out of the soup of elementary particles. It took 3 billion 
years for our Milky Way to take shape. It is generally assumed that the entropy of 
the early universe was low so that its expansion is in accordance with the Second 
law of thermodynamics (Penrose 2005, Sects. 27.7, 27.13). If the universe had a 
definite beginning, what will be its ultimate fate? Will it expand forever and end 
in a Heat Death or will it grind to a halt and recollapse to a Big Crunch? 
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Fig. 2.5 Critical values for Q and the corresponding evolution of the universe. Q > 1 indicates a 
closed universe, which will expand to a maximum extension, and then re-collapse into a Big 
Crunch. (2=1 indicates a flat universe, according to which the universe will expand forever but 
the rate of expansion will slow down as time progresses, leading to the heat death. Q < 1 
indicates an open universe, according to which the universe will expand at the same rate. As the 
universe seems to expand at an accelerated pace, the universe will still end up in a heat death, 
nowadays sometimes called a Big Chill, but faster than in the open universe 

According to the Standard Model its evolution depends on the amount of matter 
in the universe. As a threshold, cosmologists specify a critical density, p c , which 
is the largest density, which the universe can have and still expand. Cosmologists 
then define a parameter, Q, as a ratio of actual and critical mass density: 

n p a actual — mass — density 
p c critical — mass — density 


( 2 . 1 ) 


The value of Q = < 1, 1 or>l and this value indicates the future fate of the 
universe (Fig. 2.5). 

The value Q = 1 signifies the famous Heat Death, which was predicted by 
many cosmologists of the 19th century—the total dissipation of energy, such that 
no energy differentials would be left to perform useful work and sustain life. Is 
there any evidence in support of the Big Bang theory? 

• In 1929 the American astronomer Edwin Hubble (1889-1953) discovered 
Hubble’s law, which states a relation between distance (or redshift) and radial 
velocity. The farther a galaxy is away, the faster it moves away from the 
observer: v = Hd (where v = radial velocity of the galaxy, d = distance to 
galaxy, H = Hubble’s constant). Hubble established, on the basis of observa¬ 
tions of the redshift of specific absorption lines in the spectra of galaxies that 
galaxies were moving away from each other at a velocity proportional to their 
distance. The inference from Hubble’s law is that the galaxies must have been 
closer in the past; and ultimately that the universe must have had a beginning 
some 13.7 billion years ago, at which point it was in a low entropy state. 

• In 1965 A. Penzias and R. Wilson stumbled across the cosmic background 
radiation, at a uniform temperature of 2.7 °C, which was later understood to be 
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the afterglow of the hot, young universe, shortly after the Big Bang. The 
microwave background radiation is a relic of the early stages of the universe. 
Some 380,000 years after the Big Bang the universe would have cooled down to 
temperatures, which allowed the formation of atoms like hydrogen and helium. 
From the abundance of hydrogen in the universe today, it can be inferred that 
prior to the formation of stable atoms, the early universe must have been filled 
with an enormous amount of radiation. As the universe expanded this radiation 
redshifted and cooled to approximately 3 K and this is the microwave radiation, 
which Penzias and Wilson detected in 1965. 

But the Big Bang model provides no indication as to whether the universe will 
expand forever—leading to a Big Chill (or what the 19th century called the Pleat 
Death)—or will eventually recontract, leading to a Big Crunch. As indicated in 
Fig. 2.4 an important question from the point of view of the asymmetry of time, to 
be discussed later, is whether the Big Crunch will resemble the Big Bang. 
The question of expansion or contraction essentially depends on the amount of 
dark matter and dark energy in the universe, which cannot be directly observed, 
but whose gravitational pull could be strong enough to bring the expansion of the 
universe to a halt and start the contraction phase. Current data indicate that the 
universe is actually accelerating so that at present the expansion seems set to 
continue forever. A further question, which the standard Big Bang model cannot 
answer, is how the Big Bang itself was caused and how the special (low-entropy) 
conditions for space-time inherent in it could have arisen from a singularity 
(Hawking 1988, 43f; Freedman 1998, 97). 

The standard Big Bang model also faced a number of anomalies, 5 as further 
work revealed. Three of these problems are the horizon problem , the flatness 
problem and the smoothness problem (cf. Guth 1997, 183; Atkins 2003, 258ff; 
Penrose 2005, Sect. 28.3; Kragh 2007, 226; Carroll 2010, Chap. 14). The horizon 
problem relates to the extraordinary uniformity of the observed universe. This 
uniformity is most clearly revealed in the cosmic background radiation, which is at 
a uniform temperature of 2.7 °C in all directions across the sky. Yet the universe is 
so vast that very distant parts of it cannot communicate with each other because of 
the finiteness of the speed of light. The cosmic background radiation was released 
at about 380,000 years after the Big Bang, by which time two opposite points in 
space were already so widely separated that they could not have communicated 
through light signals. The only way to solve this problem is to stipulate that the 
universe began in a state of great uniformity. 

The second problem relates to the puzzle that the universe is remarkably close 
to being spatially flat. The fact that the curvature of space is very close to zero, and 
hence Euclidean, is referred to as th e flatness problem. In terms of Q (the ratio of 
actual mass density to critical mass density of the universe) this means that Q = 1 


5 An anomaly is understood here in the Kuhnian sense as a problem, which a theory should be 
able to solve because it falls within its domain, but which it cannot solve with the principles and 
techniques it has at its disposal. 
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today, so that the universe is expected to expand forever but the rate of expansion 
will tend to zero with time. But this gives Q a very special value, already present at 
the beginning of the universe, for which the standard Big Bang model offers no 
explanation. It also conflicts with recent observations, which suggest that the 
expansion of the universe proceeds at an accelerated pace. 

The third problem is the smoothness problem, which refers to the even distri¬ 
bution of matter in the universe and the uniformity of space-time geometry. Kant 
already took note of this uniformity with his nebular hypothesis. Just as Kant’s 
reliance on Newtonian physics cannot account for this large-scale structure of the 
universe, so the standard Big Bang model cannot explain the distribution of matter 
throughout the universe. The standard model implies that the universe exploded so 
quickly that there was no time for information to be exchanged between its parts 
(Guth 1997, 213). 

2. Cosmologists responded to these problems by developing so-called inflationary 
models, which can both account for the uniformities and the irregularities 
(lumpiness) in the distribution of matter-energy in the universe. The cosmic 
background radiation shows similar irregularities. As J. Gribbon sums up the 
situation in cosmology: 

All these problems would be resolved if something gave the Universe a violent outward 
push (in effect, acting like antigravity) when it was still about a Planck length in size. Such 
a small region of space would be too tiny, initially, to contain irregularities, so it would 
start off homogeneous and isotropic. There would have been plenty of time for signals 
traveling at the speed of light to have criss-crossed the ridiculously small volume, so there 
is no horizon problem - both sides of the embryonic universe are ‘aware’ of each other. 
And spacetime itself gets flattened by the expansion, in much the same way that the 
wrinkly surface of a prune becomes a smooth, flat surface when the prune is placed in 
water and wells up. As in the standard Big Bang model, we can still think of the universe 
as like the skin of an expanding balloon, but now we have to think of it as an absolutely 
enormous balloon that was hugely inflated during the first split-second of its existence. 
(Gribbon 1996, 220, italics and bold type have been removed from this quote) 

As just indicated, in order to deal with these anomalies cosmologists developed 
so-called inflationary models, which correspond to different topologies of time. 
Although there are now a number of inflationary models in circulation, in terms of 
the topology of time it is convenient to focus on the initial inflationary Big Bang 
model, due to the American particle physicist Alan Guth. It later gave way to the 
Chaotic Inflationary model (due to the Russian cosmologist Andrei Linde, as well 
as the American cosmologists Paul Steinhardt and Andreas Albrecht), which is 
now the standard version of inflation. Although the first inflationary model was 
developed by A. Starobinsky in Moscow (1979), the term ‘inflation’ was coined by 
Guth (in 1981), who developed his own version of an inflationary model. Inflation 
models deal with the earliest phase of the Universe, inspired by particle physics, 
and assume a very rapid expansion from a very small region (i.e., the Planck length 



2.6 The Topology of Time 


35 


Fig. 2.6 Inflationary 

universe, http:// 

www .j rank, org / space/pages/ 

2287/cosmological- 

inflation.html 



I (r 35 m, which is much smaller than the region in the standard cosmology, cf. 
Guth 1997, 184). The exponential expansion then began at 10 -35 s after the initial 
‘blast’ and lasted until 10 -32 s. During this time the universe expanded expo¬ 
nentially in size: the universe doubled in size approximately every 10 -35 s and 
went through phase transitions. The inflationary period then switched off and the 
expansion of the Universe settled down to its normal expansion rate, as envisaged 
in the original Big Bang scenario. In terms of the topology of time, this old 
inflationary scenario assumed a definite beginning in time but does not try to 
answer any questions about the ultimate fate of the universe. The old inflationary 
model also faced problems of its own, for instance to explain why the inflationary 
periods end suddenly. In order to deal with these problems, Linde proposed a 
model of ‘chaotic inflation’ (in 1982) (Fig. 2.6). Unlike the Big Bang model the 
chaotic inflationary model of the universe assumes an eternally existing, self- 
reproducing inflationary universe. The eternal inflation rolls on like a chain 
reaction, ‘producing a fractal-like pattern of universes’. 

In this scenario the universe as a whole is immortal. Each particular part of the universe 
may stem from a singularity somewhere in the past, and it may end up in a singularity 
somewhere in the future. There is, however, no end for the evolution of the entire universe. 
(Linde 1998, 103-104; cf. Hawking 1988, 115-133; Weinberg 1978; Barrow and Tipler 
1986, Sect. 6.2; Penrose 2005, Sect. 27.7; Carroll 2010, Chap. 14) 

In this particular scenario the universe as a whole is without beginning and 
without end, thus avoiding the conundrum of what happened before the Big Bang 
and which forces brought it about. Each particular part of the universe, each 
galaxy, may originate from an inflationary bubble in the past, similar to the Big 
Bang, and end in a Big Crunch in the future. But the evolution of the entire cosmos 
is without end, as Kant already envisaged. The self-reproducing cosmos appears as 
an extended branching of inflationary bubbles. This process is called ‘chaotic 
inflation’ because the present state of the universe could have arisen from a large 
number of different initial configurations. But not all initial configurations would 
have given rise to the type of universe observed today. The universe expanded 
rapidly in places, represented by peaks in a model with valleys and hills. 
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In such a model, our galaxy would exist in a valley, where space is no longer 
expanding. This picture gives rise to the notion of ‘multiverse’: 

The evolution of inflationary theory has given rise to a completely new cosmological 
paradigm, which differs considerably from the old big bang theory and even from the first 
versions of the inflationary scenario. In it the universe appears to be both chaotic and 
homogeneous, expanding and stationary. Our cosmic home grows, fluctuates and eternally 
reproduces itself in all possible forms, as if adjusting itself for all possible types of life. 
(Linde 1998, 104) 

As the chaotic inflationary model indicates, a problem in modern cosmology is 
the very existence of the Big Bang, because it requires the postulation of a low- 
entropy initial condition. It is commonly assumed that the cosmic arrow of time 
requires the assumption of a Past Hypothesis, which is the postulated low-entropy 
state of the initial conditions of the universe. The problem is not the empirical 
observation that our universe must have started in a low-entropy Big Bang but why 
it started in such a very special smooth condition. Much of modem cosmology is 
concerned with developing models, which may provide a tentative explanation of 
the very special conditions of the Big Bang: baby universes, cyclic universes, 
bouncing universes, oscillating universes. In many of these models it is no longer 
assumed that the observable universe started in a Big Bang singularity (see Gott 
2001; Penrose 2010; Carroll 2010). 

This new cosmology will have interesting consequences for the completion of 
the Copernican Revolution. The Copernican heliocentric worldview is supposed to 
have delivered a first blow to human arrogance by having displaced the Earth from 
the centre of the universe. The multiverse, then, appears as 

the final humiliation, this one of hypercosmic proportions: this universe may be but one of 
countless others. Not only are we the inhabitants of an insignificant (but wonderful) planet 
near an insignificant (but wonderful) star at an insignificant location in an insignificant 
(but wonderful) galaxy in an insignificant location in the visible (and wonderful) universe, 
but that universe is perhaps an insignificant universe among innumerable others, a 
‘multiverse’, each of them infinite in extent. (Atkins 2003, 265) 

Whilst the Copernican view certainly put an end to any hope of physical 
centrality, it reaffirmed the humanistic focus on rational centrality. Contrary to 
Atkins’s negative assessment, apparently inspired by the multiverse idea, modem 
theories of cosmology continue to demonstrate humanity’s ability to rationally 
comprehend the surrounding cosmos, irrespective of our humble place in this 
‘wonderful’ universe (Weinert 2009, Sect. 6.1). Thinking about the topology of 
time is one of the outcomes of this exercise in rational centrality. 

Despite the considerable progress of modern cosmology, the available empir¬ 
ical data do not (yet) definitely constrain the topology of time to one particular 
model. Modern cosmology entertains both symmetric and asymmetric models of 
the universe (Chap. 4). Hence it is still possible for the topology of time to be a 
circle, growing from a Big Bang to a maximum expansion after which it 
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Fig. 2.7 a Linear time, b Closed time 





recontracts to a Big Crunch. 6 Such a scenario would have considerable implica¬ 
tions for the arrow of time. 


2.6.2 Closed Time 

The idea of closed time is very different from the previously dismissed view of 
cyclic time—the idea that it is possible for the same events to occur repeatedly an 
infinite number of times; that it is possible to revisit past events in the same way as 
places, for instance by walking around a circular arena. Cyclic time is incoherent 
because each time, each temporal moment, on Leibniz’s Principle, occurs only 
once and cannot reoccur at a different time. However, closed time allows each 
temporal moment to occur just once but temporal items are related to each other 
like points on a circle. To describe a circle the irrational number, n (C = 2 7rr), is 
needed. Hence the order type for circular time must be the real numbers. But the 
‘before-after’ relation, which served well for linear time, is no longer suited for a 
characterization of closed time. 

The ‘before-after’ relation in linear time is both asymmetric and transitive: It is 
asymmetric, because if ‘a’ is before ‘b’, then ‘b’ is after ‘a’; it is transitive because 
if ‘a’ is before ‘b’ and ‘b’ is before ‘c’, then ‘a’ is before ‘c’ (Fig. 2.7a). These 
characteristics correspond well to our daily experience: If the Egyptian pyramids 


6 Cf. Newton-Smith (1980), 57ff; Davies (1974), Sect. 7.5; van Fraassen (1970), 62ff. According 
to certain solutions to Einstein’s field equations, found by Godel, there exist closed time-like 
curves (CTCs), which would carry an observer, whose existence lasted long enough, back to the 
beginning of the curve. 
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were built before the publication of Darwin’s Origin of Species (1859), then 
Darwin’s book appeared after the construction of the Egyptian pyramids. No 
metric is required to affirm this asymmetry. Furthermore, if the Egyptians built 
their pyramids before the publication of the Origin of Species, and the Eiffel Tower 
in Paris was constructed after the publication of the Origin of Species, then the 
Egyptians built their pyramids before the Parisians erected the Eiffel Tower 
(1889). Again no metric is needed to affirm this transitivity. But the ‘before-after’ 
relation is unsuitable for a characterisation of closed time for both these conditions 
are violated on a closed circle. Without specifying a direction, or assigning 
coordinate values to the positions, it is found that if ‘a’ is before ‘b’, ‘b’ is also 
before ‘a’ and ‘a’ is before itself; hence this relation is symmetric. Also ‘d’ lies 
between ‘a’ and ‘c’ (if you go from ‘a’ to ‘c’ through ‘d’) but also (in the opposite 
direction) ‘a’ lies between ‘d’ and ‘c’. The relation is reflexive (Fig. 2.7b). 
However, there is a way to characterize order in closed time by the basic temporal 
relation of pair separation. Write S(x,y/z,w ) for ‘the pair of instants, x and y, 
separate the pair of instants z and w’. That is, there is a route from z to w, which 
passes through x but not y or a route between z and w, which passes through y but 
not x’ (Newton-Smith 1980, 59; cf. van Fraassen 1970, Sect. III. 1; Kroes 1985, 13). 
This picture singles out a direction around the circle. What this purely formal 
exercise shows is that specifying a route on a closed circle requires specifying a 
direction around the circle. But specifying a route amounts to imposing asymmetry 
on closed time: to reach ‘w’ from ‘z’ we are either allowed to travel through ‘x’ or 
through ‘y’. But how is this asymmetry to be justified? Why do we not assume 
symmetry? These questions must ultimately be decided on empirical grounds. The 
closed time scenario represents the universe as returning to its initial state, as in 
some cosmological models, Q > 1. 

What significance do these logical considerations regarding the topology of time 
have for cosmology? They suggest possible scenarios for the ultimate fate of the 
universe. As has just been shown, inflationary cosmology locates the beginning of a 
bubble universe in the quantum conditions of the very early phase of the universe 
(10 -33 cm). These early phases of the universe cannot be described by the General 
theory of relativity. They fall within the domain of quantum cosmology. As will be 
discussed later, in quantum cosmology a very basic distinction exists between time- 
symmetric and time-asymmetric universes (Chap. 4). Time-asymmetric models of 
the universe assume that the initial and final conditions of the evolution of the 
universe differ physically, which bestows an ‘arrow’ of time on cosmic evolution. 
Proponents of time-symmetric models of the universe postulate a symmetry 
between the initial and the final conditions of the universe. The universe finds itself 
in similar states at the beginning and the end of its evolution. If these suggestions 
are taken seriously, they will have important implications for the question of the 
arrow of time. If both the initial and final conditions of the universe are assumed to 
exist in particular low-entropy states—on account of the symmetry principle—then 
the midway point, the point of greatest expansion with higher entropy, may be 
explained from both temporal endpoints. In terms of the model of closed time this 
assumption means that the midway point of greatest expansion can be explained 
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without preference for a temporal direction. Traditionally, it is postulated that the 
universe starts in a low-entropy state—the Big Bang. (For present purposes entropy 
is understood as a measure for the degree of order in a system.) With the expansion 
of the universe, the entropy increases, in accordance with the Second law of 
thermodynamics, giving the universe a temporal ‘direction’. But proponents of 
time-symmetric models object that asymmetric models presuppose an unjustified 
preference of initial over final conditions. According to this symmetric standpoint, 
both the initial and final conditions of the universe are equal, or approximately 
equal, with the result that the thermodynamic arrow tracks the cosmological arrow. 
The symmetric standpoint does not endorse an asymmetric arrow of time as being 
‘typical’ and the time-reversed view as being ‘atypical’. 

The issues of asymmetry and symmetry for the notion of time will be discussed 
in greater detail in Chap. 4. For the question of the circular topology of time, and its 
relation to cosmology, Hawking’s ‘no-boundary proposal’ may be considered. It is 
a variation of the chaotic inflationary models. One of the problems of the standard 
cosmology was that the universe began (and possibly ends) in a singularity, a point 
of infinite density, infinite pressure and infinite temperature, at which the equations 
of the General theory of relativity break down. Cosmologists therefore realized that 
at these extreme points quantum mechanics had to be taken into consideration. 
Hawking made the proposal that space-time could be finite but without boundaries, 
if it was described in imaginary time. 7 Space-time would be like the surface of the 
Earth—finite in extent, without boundaries, and time is measured in imaginary 
units. The introduction of imaginary time serves the purpose of avoiding singu¬ 
larities, which plagued traditional cosmologies. Hawking made this proposal in 
order to account for the problems in the standard Big Bang scenarios. For Hawking 
no real distinction exists between ‘real’ and ‘imaginary’ time. He recommends, in 
line with his instrumentalist philosophy, that we should adopt a notion of time, 
which leads to the best description of physical reality. In imaginary time the 
universe would have zero size at the beginning and the end, and no singularities 
would occur (Fig. 2.8). But in real time things would look very different. 

At about 10 or 20 million years ago, it would have a minimum size, which was equal to 
the maximum radius of the history in imaginary time. At later real times, the universe 
would expand like the chaotic inflationary model proposed by Linde (but one would not 
now have to assume that the universe was created somehow in the right sort of state). The 
universe would expand to a very large size and eventually it would collapse again into 
what looks like a singularity in real time. (Hawking 1988, 138) 

Under the no-boundary proposal the universe would be in a quantum state at the 
beginning and the end of time. The singularities of General Theory of Relativity 


7 Note that Hawking (1988) sees scientific theories, in an instrumentalist fashion, as mere 
calculating devices; they propose mathematical models to describe our observations and make 
predictions but it is not assumed that the structure of the models reflect, in any way, the structure 
of reality. 
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Fig. 2.8 Hawking’s 
no-boundary proposal on the 
analogy of a globe with lines 
of latitude. The size of the 
universe increases with 
increase in imaginary time, as 
indicated by the downward 
arrow. Nevertheless, this 
cosmological model is 
asymmetric since the 
beginning is characterized by 
smooth conditions, whilst at 
the end the universe collapses 
into black holes (Hawking 
1988, 138; see Penrose 2005, 
Sect. 25.8) 


Big Bang 



would be avoided: the universe would not start from a lawless Big Bang and crush 
into a lawless Big Crunch. 

In that case, the beginning of time would be a regular, smooth point of space-time and the 
universe would have begun its expansion in a very smooth and ordered state. (Hawking 
1988, 148) 

Hence Hawking’s cosmological model does not adopt a time-symmetric evo¬ 
lution of the universe since beginning and end are not physically identical. The Big 
Bang starts in a smooth condition but the Big ‘Crunch’ corresponds to a collapse 
into black holes. The universe begins in a Big Bang, grows to maximum expan¬ 
sion, and then collapses into a Big ‘Crunch’, in real time. The black holes 
themselves will eventually evaporate, suggesting a Big Chill scenario. 

Closed time gives rise to important investigations in cosmology: (a) If closed 
time is adopted as a topology for the history of the universe, the question arises 
whether the initial and the final conditions of the universe are indeed approxi¬ 
mately identical, thus leading to a ‘nice symmetry between the expanding and 
contracting phases’ (Hawking 1988, 150) or whether the two phases are physically 
different, leading to a linear topology (Fig. 2.4a) or an open circle (Fig. 2.4b). On 
the topology of closed time a further question arises, namely what happens at the 
moment of reversal? This is known as the ‘switch-over’ problem (Fig. 2.4c). Does 
the arrow of time flip if the universe recontracts and returns to the original state? 
(b) According to many cosmologists even in a recontracting universe our temporal 
experience would not begin to run in reverse. But what importance does the 
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Second law of thermodynamics (increase in entropy) have for the arrow of time? 
(c) We experience the passage of time as a forward moving, irreversible march of 
events but are there any physical phenomena, which suggest the ‘flow’ of time? Or 
is our asymmetric experience of the passage of time an ‘illusion’, which is not 
grounded in physical phenomena? (cf. Savitt 2002; Norton 2010) 

Kant referred to the fundamental laws of classical physics to explain to ordered 
evolution of the universe. But the fundamental laws of physics are time-symmetric 
(or f-invariant), whilst human experience of the world is characterized by the 
anisotropy of time. T-invariance can be characterized in various ways. An ideal 
pendulum may be considered, which suffers no friction and swings back and forth 
with constant amplitude. If a film were shown of this pendulum the observer would 
not be able to tell whether the film was running forward or backward. The 
r-invariance of the basic equations of physics indicates that the parameter t may 
take on both positive (+) and negative (—) values, so that the solutions to the 
equations are regarded as physically possible states of a system. Time-symmetric 
laws do not forbid processes which run counter to what is regarded as the normal 
progression of physical events. Another way of characterizing r-invariance is to 
say that ‘elementary processes, such as collisions, quantum transitions etc., have 
precisely the same frequency of occurrence whether they occur from a micro-state 
1 to a micro-state 2 or from a ‘time-inverted’ state of 2 to the time-inverted state of 
1 in the same temporal interval’ (Denbigh and Denbigh 1985, 49). Hence there 
exists a fundamental discrepancy between the atemporal fundamental equations of 
science and our asymmetric experience of a temporal world. We possess records of 
the past but not of the future; we are unable to change the past but we can influence 
the future; for many systems a universal tendency towards disorder and decay 
seems to be at work, if no effort is made to keep order. 

But then how is this asymmetric experience of temporal phenomena to be 
explained, if the fundamental laws are time-reversal invariant? Is our asymmetric 
experience ultimately reducible to our mental states or is it supported by asym¬ 
metries in the physical world? 


2.7 The Metric of Time 


The way we think about time is conditioned by the way we measure it... (Lucas 1973, 308) 

When Saint Augustine speaks of the ‘before-after’ relation in the ‘succession of 
events’, he does not specify which events he has in mind and whether the suc¬ 
cession needs to follow a particular order. Leibniz characterizes time as the ‘order 
of the succession of events’ in the physical world but he does not specify either 
which events he has in mind. Are they actual events or possible events? Although 
both Kant and Leibniz were more concerned with the topology of time—in each 
case they assumed a linear topology—their insistence that the whole of material 
nature is governed by ‘mechanical laws’ immediately gives rise to the possibility 
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of a metric of time. The Leibnizian notion of ‘order’ has particular significance in 
both classical and modern space-time physics, precisely because such space-times 
are governed by laws, even though they may not be mechanical laws. The notion 
of order also signifies the difference between the mere passage of time and the 
measurement of time. Saint Augustine and later Leibniz claim that our awareness 
of time presupposes a ‘before-after’ relationship between succeeding events; these 
are events with which we are familiar from the physical environment around us. 
Events can follow each other in a regular or an irregular fashion. Does this fact 
have any effect on the notion of time? Consider the movement of street crowds 
past a certain place—perhaps a monument—in a major city. Very early in the 
morning there are few people and they pass by without any discernible regularity 
or any periodic pattern, which would allow us to establish some regularity in the 
movement of the crowd. As the day passes and the crowds swell the flow of people 
increases. But the flow will move in any direction and at any pace. Some people 
hurry past the monument, others amble along, yet others stop to look at the 
monument. This motion of the crowd is reminiscent of an irregular bus service. On 
the way to work you expect a bus, and in fact a number of buses, but without any 
idea of their arrival. The flow of buses may simply be out of sync with the 
timetable. Yet you would be able to tell that time passes. We are all familiar with this 
annoying phenomenon. You are waiting for, say, a 433 bus to take you to work but 
although there is no 433 for a long time several 431 s call at your stop. In order to 
gauge the passage of time all you need to do is count the number of buses, which pass 
this particular stop. Or you could count the number of cars and the number of people 
on the pavement. Hence you may be aware of the passage of time without being able 
to measure it. Almost any occurring process in nature could raise our awareness of 
the passage of time, Prima facie any quasi-periodic process in nature can serve as a 
basis for the appreciation of the passage of time. For instance, the expansion of an 
ensemble of gas molecules into an empty container or the chaotic Brownian motion 
of molecules in a liquid are sufficient to observe some change, which may be 
associated with the passage of time. Heartbeats, pulses, lunar cycles, the dance of the 
seasons or the flooding of the Nile in ancient Egypt may serve as a yardstick for the 
identification of physical time. Arguably mere change in some physical process is 
sufficient for the observation of the passage of time by a cognizant observer. 

Saint Augustine agreed with Aristotle that the awareness of time depended on a 
‘before-after’-relation of events, which undergo physical changes. But Saint 
Augustine made the human mind the metric of time. He discovered ‘psychological 
time’. But psychological time does not give rise to a reliable, standardized metric 
of time. To repeat, the problem is twofold: (A) Psychological time depends on 
psychological states and these can change within one individual. We judge the 
passage of time depending on our moods. As our moods change, so does our 
impression of the passage of time. Hence there is no guarantee that the mind will 
provide a regular metric. The mind sets its own standard and lacks an external 
referent. Hence the individual is unable to compare the different impressions of 
intervals. As Saint Augustine said, we are only aware of the fleeting present 
moment. But how do we compare the current moment with the preceding one? In 
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order to measure the passage of time we need some regularity. By ‘regularity’ is 
meant here a periodic process of finite length, which can be subdivided into equal 
intervals, where the equality of the intervals is measurable by some other measure, 
for instance spatial distances. If that procedure is inconvenient, a linear process, like 
the propagation of light signals between two points, may serve a similar purpose. 
(B) But let it be assumed, for the sake of argument, that the mind, as a metric of 
time, provides sufficient regularity to measure the passage of time. It has been 
argued that the passage of time may be related to streams of consciousness: ‘We are 
aware of the passage of time even when we are not observing any changes in the 
external world’ (Lucas 1973, Pt I., Sect. 2, cf. Pt. IV, Sect. 56; cf. Shoemaker 1969). 
But recall that even the mind, in the view of the British empiricists, presupposes 
physical time. Consider, then, two individuals in a psychological experiment who 
are asked to ‘measure’ the interval between two events by the use of their psy¬ 
chological clocks. Their impressions will differ, depending on their psychological 
states. Let us idealize and stipulate that each individual’s personal time is rather 
regular. If asked repeatedly individual A will say, on several occasions, that the 
interval lasted, say, 2 s and individual B will say that the interval lasted, say, 3 s. 
From their respective perspectives the assessment will be regular, under this ide¬ 
alization; but as we switch perspectives between A and B the assessment changes. 
In other words, the ‘measurement’ is not invariant, since A and B disagree about the 
length of the interval. Hence, mere regularity is not sufficient for the objective 
measurement of the passage of time. 

For a community of observers to have a reliable clock, the clock must be both 
regular—it must measure the same interval for the same events on successive 
occasions—and it must be invariant—it must measure the same interval for dif¬ 
ferent events of the same duration. Invariance expresses the fact that under certain 
specifiable transformations the value of specific parameters remains unchanged; i.e. 
as perspectival viewpoints change (from A to B) certain parameters remain 
invariant. Typically such parameters remain invariant with respect to spatial and 
temporal changes. For instance, the physics of tennis remains invariant with respect 
to changes in spatial and temporal location. A game of tennis remains the same, 
from a physical point of view, whether it is played in Andalusia or Zimbabwe. 
Neither of these conditions is satisfied by Saint Augustine’s psychological time. 
There is therefore a need for physical time, which must be based on some periodic 
external event. Although Plato and Aristotle disagreed about the definition of time 
they agreed that the measurement of the passage of time requires the satisfaction of 
these conditions. For the Greeks associated the measurement of the passage of time 
with cosmic regularity. 

To see the need for regularity and invariance for the metric of time, consider the 
following thought experiment, involving two famous Greeks, Archimedes 
(287-212 B.C.) and his contemporary Eratosthenes (284-202 B.C.) positioned at 
two different locations. Archimedes is famous for his discovery of the specific 
weight of metals and other achievements, whilst Eratosthenes is known for his 
determination of the circumference of the Earth. Let Archimedes be in Alexandria 
(Egypt) and Eratosthenes in his birthplace Cyrene (Shahhat, Libya). Today, these 
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Fig. 2.9 Midday in different 
locations. When it is midday 
in Alexandria, in solar terms, 
it is not yet midday in Cyrene 
(diagram adapted from FaBler 
and Jonsson 2005, 14) 



two locations are in neighbouring time zones, each time zone being separated by 
15° longitude or 1 h. Their locations are approximately 590 km apart. Both were 
schooled in Greek astronomy and cosmology and thus believed in the geocentric 
worldview. Let us imagine that both arrange to hold lunchtime meetings at their 
respective locations. But how do they determine lunchtime at their respective 
places? Unlike Saint Augustine, they will not rely on the metric of the mind. They 
can use sundials as clocks, which will determine for them the highest point of the 
sun, which signals midday in their respective locations. When the sun is at its 
highest point in the sky in Alexandria, a sundial in Cyrene, to the west of Alex¬ 
andria, will throw a shadow, with respect to the vertical, of around 8°07' (Fig. 2.9). 
When it is midday in Alexandria, it will not yet be midday in Cyrene. Archimedes 
will hold his lunchtime meeting earlier, by a fraction of the rotational period of the 
Earth on its own axis. Do we face the same problem of perspectivalism with 
respect to the sundials as with Saint Augustine’s mental metric? As Archimedes 
and Eratosthenes ‘disagree’ about when it is lunchtime, do we encounter the same 
relativity in the determination of the passage of time, as Saint Augustine’s imag¬ 
inary observers? Not, if the two conditions—regularity and invariance—are ful¬ 
filled. Regularity is satisfied because the sun will return to the same location in the 
sky after approximately 365 days, both in Alexandria and Cyrene. Every observer 
in Alexandria and Cyrene will experience the same regularity—they will all agree, 
in their respective locations, that it is midday, as the sundial tells them so. 
Invariance is also satisfied. Invariance requires that some parameters will not 
change, even though our perspectives do. If Archimedes were to travel to Cyrene, 
and thus change his location, he would observe the same regularity about the sun’s 
apparent motion across the sky as in his home town. And if Eratosthenes were to 
visit Archimedes in Alexandria, he would agree with Archimedes on the occur¬ 
rence of lunchtime in this location, as a result of the solar regularity. But Archi¬ 
medes and Eratosthenes have no need to travel. They can use their knowledge of 
astronomy to calculate the moment of midday in their respective locations. 
Archimedes can calculate when it is midday in Cyrene, and Eratosthenes can 
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calculate when it is midday in Alexandria. Their calculations will be invariant with 
respect to their perspectival positions, since their respective calculations will return 
the same values. In fact, they will be able to predict when it is lunchtime in their 
respective towns. For the measurement of the passage of time, then, regularity and 
invariance are essential conditions. 

Strictly speaking, Archimedes and Eratosthenes do not measure time, or its 
passage. They measure events, periodic events, like the apparent passage of the 
sun across the sky, from which they derive human notions of time. Based on the 
periodic nature of cosmic events, like the regular orbit of the planets, they may 
speak of the passage or the ‘flow’ of time. But the ‘flow’ of time is only a 
metaphorical expression to capture the ‘before-after’-relationship between events 
in the physical world. From the ‘flow’ of time—the passage of time—they may be 
tempted to infer an arrow of time. But the passage of time is not to be conflated 
with the arrow of time. The arrow of time refers to global properties of the 
universe, whilst the passage of time is based on the experience of events in their 
immediate vicinity. Even though local observers in a particular corner of the 
universe experience an overwhelming forward thrust of events—organisms are 
born, grow and die—they cannot infer from this experience that the global march 
of time moves unilinearly, like an arrow, in a forward direction. As can be gleaned 
from the consideration of the topology of time, our human experience of the ‘flow’ 
of time is compatible with both linear and closed topologies of time. 

It would not even have occurred to the Greeks that there may exist an arrow of 
time. Aristotle (384-322 B.C.) developed his two-sphere cosmology, which placed 
the Earth at the centre of a closed universe and made planets circle the centre 
(Sect. 2.1). The universe was divided into the sublunary and the superlunary spheres. 
The planets moved in eternal circles, beyond the sublunary sphere of decay but below 
the ‘fixed’ stars whose canoply provided the boundary and closure of the universe. 
Even though Ptolemy (100-75 A.D.) would later refine this cosmology into a 
mathematical theory of geocentrism, the Greeks had no notion of an expanding or 
contracting universe. The decay in the sublunary sphere may have suggested to them 
the ‘flow’ of time but the eternal perfection of the supralunary sphere could not give 
rise to the notion of an arrow of time. In fact, the notion of the arrow of time requires 
insights, which physics only developed in the 19th and 20th centuries. 

The focus of this chapter is on aspects of the measurement of time. A con¬ 
sideration of the measurement of time, in an objective sense, requires us to go 
beyond psychological and mental notions. Of physical time it seems to be true to 
say that ‘the way we think about time is conditioned by the way we measure it’ 
(Lucas 1973, 308). As has been argued, regularity and invariance are essential 
features of the measurement of time, whose importance we should therefore 
consider in classical and modern physics. 

Later chapters will investigate whether the measurement of time will allow us 
to infer philosophical consequences about the temporality of the physical world. 


46 


2 Time and Cosmology 


2.8 Some Advances in the Theory of Time 
in Classical Physics 


If only Newton had set his absolute space as the space of the “fixed” stars, there would 
have been no Leibniz-Clarke controversy. (Erlichson 1967, 95) 

Classical physics made several important contributions to the theory of time, each 
of which had significant philosophical impact. Galileo worked with the notion of 
physical time, by which he basically meant clock time, as used in his mechanical 
experiments. Newton introduced the notion of mathematical time, which he used 
to define his laws of motion. And Boltzmann arrived at the notion of the arrow of 
time. The notion of time in classical and modern physics is invariably the notion of 
measurable time. 


2.8.1 Galileo’s Physical Time 

In Galileo’s famous experiments with inclined planes a new notion of time emerges 
in physics. It is the notion of physical time, which presupposes that time is mea¬ 
surable. Although Galileo was a supporter of the Copernican heliocentric model of 
the universe, his notion of physical time is not derived from cosmological consid¬ 
erations. Galileo needed a concrete measure of time for his fall experiments. 
Galileo’s notion of physical time is an early version of clock time. Clock time 
indicates a scale of continuous, linear, measurable and abstract units by which the 
duration of physical events can be measured (Elias 1992, Sects. 21-23; Wendorff 
1985, 205-206; Burtt 1980, 9Iff). As Galileo’s experiments demonstrate, clock time 
does not necessarily mean the availability of mechanical clocks. Galileo in fact 
employed water clocks; and Einstein later used light clocks. Einstein showed that the 
classic assumption that clocks behave invariantly in all inertial reference frames was 
mistaken. Galileo was not concerned with the Aristotelian question of ‘why’ bodies 
moved the way they did on the surface of the Earth. His objective was to describe 
‘how’ bodies moved and how this motion could be described mathematically. 
Although the mechanical clock had been invented at the end of the 13th century, 
Galileo could not use mechanical clocks to measure the motion of falling bodies, 
because the time pieces at the beginning of the 17th century were not precise enough 
to measure the short intervals of falling bodies. What is essential is a regular and 
invariant process by which the duration of an event can be measured. How did 
Galileo measure the elapsed times in his experiments? He reports that he used a form 
of water clock—a bucket with a hole in its bottom, from which a thin steady stream 
of water flowed. The water was collected, in each experiment, in a cup under the 
bucket. Galileo weighed the amount of water, which was collected when a ball rolled 
down the incline from A to B, from B to C, and from C to D (Fig. 2.10). The intervals 
A-B, B-C, C-D were equally long but the amount of water collected did not remain 
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Fig. 2.10 Galileo’s fall 
experiment 



the same. In fact, he collected less water for the interval C-D than for the interval 
A-B, because of the acceleration of the balls down the plane. From the differences in 
the weights Galileo obtained the proportions of the weights and calculated the 
proportions of the times. In order to obtain measurements for the fall times of bodies, 
Galileo experimented with balls rolling down inclined planes. 

As a good scientist he carried out the experiments repeatedly on different planes 
with different inclinations. But in the many repetitions of the experiments, he 
found no time differences, ‘not even '/|q of a pulse beat’ in the measured fall times 
of the balls in the respective planes. Galileo’s result was that the lengths of the 
planes were related to the squares of the times: L ~ t 2 . Galileo concludes that 

in such experiments, repeated a full hundred times, we always found that the spaces 
traversed were to each other as the squares of the times, and this was true for all inclinations 
of the plane, i.e., of the channel, along which we rolled the ball. (Galilei 1954, 179; cf. 
Galilei 1953) 

In modern terms, Galileo found that L = vot + where the parameter t 

indicates clock time. Note that t can take on any numerical value, even if a 
mechanical clock cannot measure it. Imagine that t has the value of the square root 
of n —this value can be plugged into the equation to obtain a hypothetical 
length for L, even though such an experiment may not be realizable in a laboratory, 
certainly not in Galileo’s lifetime. Galileo’s notion of clock time, as realized in his 
water clocks, satisfies both the criteria of regularity and invariance. First, the water 
flows regularly, if the same amount of water is taken each time and the same type 
of bucket is used. Secondly, as Galileo reports himself, no time differences were 
found in the many repetitions of the experiments. Galileo’s fall experiments were 
thus at least invariant with respect to changes in time; but they would also have 
been invariant with respect to changes in locality. The regularity of the water flow 
is insufficient by modern standards and it is of a linear rather than a periodic type. 
Nevertheless the water flowed sufficiently regularly from the bottom of the bucket 
to constitute a clock for the purpose of the experiment. 
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2.8.2 Newton’s Mathematical Time 

While in Galileo’s experiments the symbol t expresses clock time—or the time 
interval, which elapses between two events, like the beginning and the end of an 
inclined-plane experiment—it remains one of the physical parameters, which enter 
into relations like L ~ t 2 . In Galileo’s work time has no further philosophical signif¬ 
icance. But Newton incorporates his notion of absolute time in his theory of motion in 
a systematic way. In Newton’s theory the notion of time therefore takes on philo¬ 
sophical significance. Newton defines his notion of time, to be used in his theory of 
motion, before his develops his equations of motion. For Newton mathematical time 
included two aspects: (a) At first Newton considers, like the Ancients, that time makes 
a reference to observable physical events, like the orbit of the moons around Jupiter. 
Although he is a child of the Copernican age he does not believe that the planets orbit 
the sun with perfect regularity. In fact Newton goes further and conjectures, correctly, 
that even though the motions of such bodies around their respective centres satisfied 
the requirement of periodic regularity, this periodicity suffered nevertheless from too 
many irregularities for the formulation of the laws of motions. For instance, the speed 
of the Earth’s rotation varies due to tidal frictions, due to seasonal changes and due to a 
small difference between the geometric and the physical (rotational) axis of the Earth; 
(b) Newton therefore postulates an absolute space and an absolute time, which in 
theory make no reference to material events in the universe. Newton defines 
‘immovable’ space as a space with no relation to any external events, objects or 
processes; equally for time. These definitions stand in stark contrast to, say, the views 
of Saint Augustine, which make time dependent on physical events. 

By a suitable analogy, absolute space can be envisaged as a cosmic container, 
which exists irrespective of whether it contains material objects, like planets and 
galaxies. And absolute time can be imagined as a constantly flowing metaphorical 
river whose regularity constitutes the basis of a clock. All motions in the material 
world are measured against the constant tick of the clock. One can consider 
Newtonian space as an empty container, on whose walls are etched a spatial and a 
temporal axis (Fig. 2.11). If objects are placed inside the container, their locations 
and motions can then be traced against the fixed spatial and temporal axes. To 
illustrate, image that this container is populated with two ‘intelligent’ molecules, 
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which spend their days, like fish in a tank, swimming around aimlessly. To make 
their lives more interesting, the molecules decide, on their next encounter, 
to determine their respective positions inside the container. Molecule] asks 
molecule 2 , ‘where are you?’ but the answer ‘near you’ is hardly enlightening. Such 
relative determinations are useless because the molecules change their positions 
constantly and supply no absolute determination of their location. But the two 
molecules can determine their positions inside the container if they can refer their 
respective locations to the same temporal and spatial axes. (The time axis may not 
consist of mechanical clocks, simple ticking devices would suffice.) The laws of 
motion are formulated with respect to these absolute notions. As absolute space 
and time cannot be observed, these notions provoked considerable debate. What 
function these notions played in Newton’s mechanics will be considered later. 

Whatever the philosophical merits of these notions, Newton emphasizes both 
the importance of regularity and invariance in his absolute notions. Absolute, 
immaterial space and the ‘equable flow’ of time are regular with respect to all 
inertial and accelerated observers (like the ‘intelligent’ molecules). Absolute space 
and time are also invariant, since the units of absolute space and time do not 
change as the molecules change their positions or under a switch of perspectives 
from one molecule to the other. Newton took the need for regularity and invariance 
to an extreme when he postulated absolute space and time to ground his laws of 
motion. If absolute space and time could be observed, no observer would have 
difficulties in measuring all relative motions against its invariant structure. By 
analogy, the speed of an aeroplane is measured with reference to the surface of the 
Earth rather than drifting clouds in the sky. Newton even invented some thought 
experiments, as we shall see, in an effort to demonstrate that the notions of 
absolute space and time could be inferred from observations of relative motions. 

For present purposes it is important to note, especially in relation to Leibniz, 
that Newton introduces approximations to ‘materialize’ his absolute notions. His 
absolute notions are idealizations from observable physical systems. Thus Newton 
suggests that ‘Jupiter’s satellites’ may serve as an approximation to absolute time, 
no doubt because of the perceived regularity of their orbits. If Newton lived today 
he would certainly change his approximations of absolute time to the recent dis¬ 
covery of neutron stars (1967), which rotate very fast and emit very regular pulses 
of radiation. They have a much greater regularity than planetary motions. As far as 
absolute space is concerned, Newton regarded the ‘fixed’ stars as a good 
approximation to the image of ‘immovable’ space because the constellations were 
regarded as ‘fixed’ in the sky; their apparent rotation through the night sky was due 
to the daily rotation of the Earth. 

But because the parts of space cannot be seen, or distinguished from one another by our 
senses, therefore in their stead we use sensible measures of them. For from the positions 
and distances of things from any body, considered as immovable, we define all places; and 
then with respect to such places, we estimate all motions, considering bodies as transferred 
from some of those places into others. And so, instead of absolute places and motions, we 
use relative ones; and that without any inconvenience in common affairs; but in philo¬ 
sophical disquisitions, we ought to abstract from our senses, and consider things 
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Fig. 2.12 Newtonian space and time axes. Representation of a frame at rest (vertical line), an 
inertially moving frame (inclined line), and an accelerated frame (cun'ecl line) in a Newtonian 
space and time diagram 


themselves, distinct from what are only sensible measures of them. For it may be that there 
is no body really at rest, to which the places and motions of others may be referred. 
(Newton 1687, Scholium, 8; cf. Rovelli 2009, 3) 

Newton conceives of space and time as existing independently of each other. 
This separation of the temporal and spatial axes would finally be abandoned in 
Minkowski space-time. Newton’s view that the spatial and temporal axes are 
absolute reference points for all observers means that these axes remain perpen¬ 
dicular to each other, irrespective of the motions involved (Fig. 2.12). 

In order to appreciate this point, consider again the measurement of the cir¬ 
cumference of the Earth, which today is known to be approximately 40,000 km. 
Depending on the definition of the units used by Eratosthenes he measured the 
circumference of the Earth to range between 35,000 and 45,000 km. Now consider 
an astronaut who flies past the Earth at a speed close to the speed of light. Does the 
astronaut measure the same value as Eratosthenes? The commonsensical answer is 
to say ‘yes’, since the measurement of a distance does not seem to depend on the 
velocity of the frame from which it is measured. And yet, as Einstein’s Special 
theory of relativity was to show in 1905, this commonsensical answer is mistaken. 
But the commonsensical answer illustrates well one sense of Newton’s absolute 
notions: the measurement of temporal and spatial distances depends neither on the 
location of the measuring device, nor on the velocity with which it is moving. 
On this commonsensical view, if an inhabitant of a distant galaxy could take 
measurements of the Earth, this galactic creature would measure the same 
dimensions as Earthlings. 

The absoluteness of time and space can also be understood, less metaphorically, 
in terms of spatio-temporal structure. (Later it will be shown that Newtonian 
mechanics can be re-interpreted in the language of space-time.) In this sense, 

... an absolute element of spatio-temporal structure is one that is well-defined independently 
of reference frame or coordinate system. For example, in the space-time E 3 x R of 
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Fig. 2.13 Planes of absolute 
simultaneity as the temporal 
distance between events E Ia , 
E 2 E 3a is judged to be the 
same from the point of view 
of all reference frames, this 
means that all sister events 
E, f „ E 2b , E 3b on their 
respective planes are judged 
to happen at the same time. 
They are taken to be at the 
‘same temporal position’, 
even though they may be 
widely apart 



common sense and some version of Newtonian mechanics there are well-defined relations 
of being-at-the-same-spatial-position and being-at-the-same-temporal-position (simulta¬ 
neity) that hold between points of space-time independently of reference frame: both space 
and time are absolute in this sense in such a space-time. (Friedman 1983, 63) 

These relations can be illustrated in terms of Newton’s techniques. In the 
approximation he uses for the abstract notion of absolute space, he considers 
that all reference frames, which are in constant uniform motion with respect to 
each other, may use the ‘fixed stars’ as spatial markers to position themselves 
with respect to others. It is as if local observers shunned local landmarks and 
used celestial landmarks to position their respective locations. In terms of 
‘absolute space’ or the markings on the cosmic container, all observers refer to 
the same place. It follows from the notion of absolute time that simultaneity 
must also be an absolute notion: the relation of ‘being-at-the-same-temporal- 
position’ means that all reference frames use the ‘astronomical clock’, which in 
approximation is provided by the orbits of the Jupiter moons (or today the 
emitted radiation from pulsars). It follows from the use of the same astro¬ 
nomical clock, or the temporal markings on the cosmic container walls that 
events, which are simultaneous for some observers, must be simultaneous for all 
observers (Fig. 2.13). 

It may not come as a great surprise that Newton’s notions of absolute time and 
space became the subject of an intense debate and generated philosophical con¬ 
sequences. Leibniz rejected Newton’s notions and defended a relational view. 
Later Einstein abandoned Newton’s separation of time and space altogether. 


2.8.3 Newton and Leibniz, Compared 

It has already been stressed that Leibniz (1646-1716) accepted the notion of 
physical time and that he saw the order of events as subject to a universal principle of 
causality. Leibniz rejected Newton’s postulates of absolute space and time as merely 
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metaphysical speculations. He ignored Newton’s need for approximations. Leibniz 
defined space as the ‘order of coexisting events’ and time as the ‘order of succession 
of coexisting events’ (Leibniz 1715-1716, Third Paper, 210-215). He thus made an 
essential reference to the ‘before-after’ -relationship in physical events. Leibniz does 
not specify what he means by ‘events’. Even if his notion of ‘events’ refers to events 
in the physical world does he mean actual or also possible events? Leibniz had a 
predecessor to his relational view in the person of Saint Augustine. Saint Augustine, 
too, insisted on the ‘before-after’ relation between events but he also failed to 
specify, which events in the physical world he had in mind. It is often claimed in the 
literature that Leibniz must restrict the admissible events to ‘the set of actual 
physical events’ (Friedman 1983, 63; Earman 1989, Chap. I). And then Leibniz 
would face the difficulties, which Newton avoided by resorting to the idealization of 
absolute space and time. For the ‘set of actual physical events’ may not offer suf¬ 
ficient regularity to ground a stable order in the succession of events. What is not 
often realized, as we shall discuss further in Chap. 3, is that Leibniz admits of 
‘possible’ events. Thus Leibniz moves in exactly the opposite direction to Newton. 
Whereas Newton introduces his idealization of absolute space and time and then 
suggests approximations, Leibniz begins with ‘actual’ events but then moves to the 
idealization of possible events and ‘fixed’ existents. 

And fixed existents are those in which there has been no cause for a change of the order of 

coexistence with others or (which is the same thing), in which there has been no motion. 

(Leibniz 1715-1716 Fifth Paper, Sect. 47, 231; cf. Manders 1982) 

These ‘fixed existents’ therefore remain invariant in the order and succession of 
coexisting events. Despite the often-claimed deep gulf between Newton’s realism 
and Leibniz’s relationism about time, they share a meeting point in this interaction 
between idealization and approximation. Leibniz and Newton could therefore 
agree on the same approximations for the purpose of measuring time and space in 
the material world. The Leibnizian move to idealizations—‘fixed existents’ and 
possible events—can be gleaned from a consideration of the order which must 
hold between the events. Let us consider the Leibnizian notion of order from the 
perspectives of universality, regularity and invariance. Order may just mean 
‘a before-after’-relationship between events, governed by some universal principle 
of causality. But in his Correspondence with Clarke Leibniz goes one step further 
when he considers that the ‘before-after’ relationship between events must, in 
some sense, be law-like. That is, it must be governed by the laws of classical 
physics. It is the recognition that the cosmic machine is driven by law-like reg¬ 
ularities, which makes Leibniz introduce the idealizations. For the laws of classical 
mechanics require inertial reference frames and these are provided by the 
invariants in the physical world. 

So there are a number of disagreements and agreements between Leibniz and 
Newton, whatever other differences may separate them (see Chap. 3). Newton 
and Leibniz disagreed about the ultimate nature of time. In his philosophical 
discourse about time, Newton postulated that time was absolute, since it existed 
irrespectively of material happenings in the universe. Even an empty universe 
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has a ‘clock’ for Newton. For Leibniz the universe must be filled with events; 
the order of succession of events constitutes a clock. For Leibniz physical time is 
not absolute but relational since it depends on the succession of material events 
in a particular order. Leibniz agreed with Saint Augustine that before creation 
time did not exist. Time is coextensive with the creation of events. Despite these 
disagreements we can recover some common ground. Leibniz agreed with 
Newton that the order of coexisting physical events constituted a universal 
simultaneity relation between such events. That is, all observers throughout the 
universe agree that two events, which occur simultaneously for one observer, occur 
simultaneously for all observers whatever their location in the universe. Leibniz 
also agreed with Newton that events, which occur in succession, display the same 
order of succession for all observers. Thus, whether the ‘before-after’ relation 
refers to actual or possible events, there was no doubt in the minds of any observer, 
from which ever location they may observe the succession of two events—E, and 
E 2 —that E] would occur before E 2 . The aspects of regularity and invariance can 
also be recovered. Both agreed that the succession of events must be regular and 
invariant, to a certain degree, across all perspectives for measurable time to be 
possible. For although Newton and Leibniz did not agree on whether material 
happenings were needed for time to unfold in a philosophical sense, they were in 
agreement that time was universal. All observers throughout the universe, who are 
in motion with respect to each other, use the same clock, i.e., they refer to the same 
temporal axis. Newton secured regularity of temporal succession and spatial 
coexistence by the stipulation of an ‘immovable space’ and an ‘equable flow of 
time’. But absolute space and time are beyond the realm of observation so that 
Newton introduces appropriate approximations, like the regularity of celestial 
systems (Jupiter moons, fixed stars). Newton secured invariance by making 
‘absolute’ space and time irrespective of particular perspectives. Even in 
approximation, the regularity of celestial motion is the same for all observers, 
irrespective of their particular point of observation. Newton’s approximations 
illustrate the regularity of the clockwork universe, since it is based on the law-like 
succession of physical events. Leibniz guarantees regularity of temporal and 
spatial intervals by presenting the universe as a cosmic machine, governed by 
mechanical laws (Leibniz 1715-1716, Second paper, 208; Fourth Paper, Sect. 32, 
219). As Leibniz agrees with Newton about the universality of the order of the 
succession of events—time is universal for all observers, irrespective of their 
perspective on the world—the invariance of temporal and spatial relations is also 
guaranteed. As will be discussed later, Newton’s mechanics has more affinities 
with Leibnizian relationism than his philosophy. 

We have focussed on the agreement between Newton and Leibniz for the sake 
of highlighting in this chapter the close connection between time, regularity and 
invariance in classical physics. The same connection exists in modern physics—in 
relativity and quantum theory—where it comes to even greater prominence. This is 
essentially due to the fact that the classical notion of order of events, as defined in 
classical physics, undergoes a conceptual revision. In the Special theory of rela¬ 
tivity both the universality and invariance of temporal relations, in the way 



54 


2 Time and Cosmology 


Newton and Leibniz understood them, are abandoned. We shall need to see how at 
least invariance survives in modern physics. With his notion of time as the order of 
the succession of coexisting events, Leibniz, like Saint Augustine before him, 
defines a direction of time; in our terminological convention, the ‘before-after’ 
relation of local events specifies the passage of time. Physicists and philosophers 
of the classical age did not consider the further question whether time displays a 
global arrow or whether the universe follows a one-directional evolution. In order 
to consider such questions, a different physical relationship—entropy—had to be 
discovered. 


2.8.4 The Arrow of Time 

The discussion of the topology of time showed that a consideration of the 
anisotropy of time suggests a distinction between the passage of time and the 
arrow of time (Denbigh 1981; Griinbaum 1967). The passage of time expresses 
our daily experience of the one-directional ‘flow’ of time, often from order to 
disorder, from new to old, from warm to cold. But our impression of the passage of 
time is compatible with different topologies of time. Time may have the topology 
of an open line or a closed circle but observers would not be able to tell from their 
limited experience of the ‘flow’ of time. The arrow of time expresses a global, one¬ 
way direction of the universe, from initial to final conditions, where these con¬ 
ditions are asymmetric. But the arrow of time cannot directly be observed; it needs 
to be inferred from physical criteria. 

The arrow of time seems to be quite different from other arrows in our expe¬ 
rience, which seem to generate order, information and complexity (cf. Savitt 1995, 
4-5; Savitt 1996; Hoyle 1982) 

• The psychological arrow. As Saint Augustine emphasized, we remember the 
past but we anticipate the future; we have the feeling that time ‘flows’ relent¬ 
lessly forward into the future towards a period when we will no longer exist. 

• The historical arrow: We have records of the past but not of the future; there is 
evidence of the geological evolution of the Earth (discovery of deep time) and 
the biological evolution of species towards greater diversity and complexity. 
Darwin represented this arrow by his image of the tree of life. 

• The cosmological arrow: As Kant speculated, the universe has expanded from 
an initial, chaotic beginning, which is today located in the Big Bang, towards the 
formation of solar systems, galaxies and clusters of galaxies. Observations 
suggest that the cosmological arrow will take the universe towards a Big Chill in 
the distant future rather than a re-contraction to a Big Crunch. It is at present not 
clear whether our observable universe is only one amongst an infinity of 
universes (multiverse), which are born and die. 

• But the thermodynamic arrow of time seems to point in the opposite direction, 
towards disorder and the destruction of information (Layzer 1975, 56; Layzer 
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1970; Landsberg 1996, 253; Whitrow 1980, Sect. 7.4; Hawking 1988, 145ff; 

Ladyman et al. 2008). Could such an increase of disorder be used to characterize 

the arrow of time? And how are the other arrows related to the thermodynamic 

arrow? 

In the 19th century physics discovered the laws of thermodynamics, which were 
considered to shed light on the question of the arrow of time. Of particular 
importance were the Second law of thermodynamics and the discovery of entropy. 
Entropy is often characterized as an increase in disorder in a closed system. N 
Entropy has also been associated with the loss of information, which is available 
about a system undergoing entropic change. In Chap. 4 it will be shown that these 
characterizations are imprecise and that the apparently irreversible increase in 
entropy is best expressed by a spreading function; entropy itself is best defined in 
terms of the number of micro-states, which correspond to a given macro-state in 
phase space. For the time being our discussion is confined to the discovery of 
entropy and how entropy was used to define the arrow of time. There are many 
everyday illustrations of the concept of entropy: food rots, hot coffee cools, if milk 
and coffee are mixed they cannot be unmixed, and a sugar lump dissolves in hot 
coffee and cannot be retrieved. But the total amount of energy always remains the 
same. According to the first law of thermodynamics —Q = Af) + A E p —the sum 
of all energies remains constant in a closed system. But while all mechanical 
energy (work, W) can be transformed into thermal energy (heat, Q) it is not the 
case that all thermal energy can be transformed into work: dE = dQ — dW. A 
machine can be employed to perform useful work but some of its energy is lost in 
frictional heat that is no longer available to do work. To illustrate the Second law, 
consider a child’s playroom (Fig. 4.1a, b). The father puts all the toys into a corner 
so that the child can play in the morning. When the child enters the room there is a 
great amount of order in the playroom. There is also precise information as to the 
whereabouts of the toys. But as the child gets to play, toys are beginning to be 
tossed about all over the room and when the child takes a lunchtime nap the 
morning order has been reduced to a lunchtime disorder. The neat ordering of the 
toys has disappeared and has led to a loss of information as to the whereabouts of 
the toys. Whilst they were stacked neatly in the corner of the room in the morning, 
they are now scattered randomly across the room. So the total amount of energy 
remains the same but entropy has increased. 


A closed system has constant energy, a constant number of particles, constant volume, and 
constant values of all external parameters that may influence the system (Kittel and Kroemer 
1980, 29). 

9 Thermodynamics (TD) is concerned with macroscopic parameters, like temperature, pressure, 
and volume. It turned into statistical mechanics (ST) as a result of various reversibility and 
recurrence objections (see Chap. 4). Statistical mechanics is concerned with the micro-states, 
which make up the macro-states. The relationship between TD and ST is complex; see Sklar 
(1993). 



56 


2 Time and Cosmology 


Fig. 2.14 a A sealed 
container. Gas molecules are 


confined to compartment ^ 
of the container, b Gas 
molecules are no longer 

confined to compartment ^ 

and can freely roam in the 
available phase space 




Fig. 2.15 Kelvin’s version 
of the second law 
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(a) (b) 



Work 


Fig. 2.16 a Clausius’s statement of the second law. Such processes are not observed to occur in 
nature b Clausius’s statement of the second law. Such processes are observed in nature 


In a slightly more technical sense it is customary to illustrate the increase in 
entropy by modelling a closed system, like a sealed container, separated by a 
removable partition, such that compartment contains gas molecules and com¬ 
partment ^ is empty (Fig. 2.14a). At first ah the gas molecules are confined to 
compartment so that the probability of finding a gas molecule in compartment 2 
is zero. Furthermore, if an atom is placed in, say, compartment there is a good 
chance that it will be hit by gas molecules, so that the molecules can do work on the 
atom (W = Fd). If the partition wall is removed (Fig. 2.14b), the molecules will 
spread over the larger volume (phase space) but information about their whereabouts 
is lost. The ‘disorder’ of the system is increased, and hence the ability of the system 
to do useful work is reduced, since, for instance, its pressure decreases. 

The notion of entropy can be made more precise, in quantitative terms, by 
relating it to the Second law of thermodynamics. W. Thomson (Lord Kelvin, 
1824-1907) expressed it in the form that every viable engine must have a cold sink 
(see Atkins 2003, Chap. IV, 113; Kuchling 2001, 292; Fig. 2.15). In other words, 
heat can only be transformed into work when some of the heat transfers from a 
warmer to a colder body. 
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Rudolf Clausius (1822-1888) stated the Second law in the form that 'heat never 
flows from a cooler to a hotter body’ (Atkins 2003, 115; Kuchling 2001, 262; 
Fig. 2.16a). In other words: Heat can only be transferred from a colder to a hotter 
body by means of mechanical work (Fig. 2.16b). 

The Clausius statement means that all work can be transformed into heat but not 
all heat into work: Q = W + AU. Consider a car engine, for illustration. The car 
engine burns fuel to move the car but not all of this fuel can be used to transform it 
into kinetic energy. Some of the energy is needed to run the engine, other energy is 
lost through friction in the engine parts and in the tyres (etc.). Hence whilst we get 
work out of the fuel, some of the heat from the fuel irretrievably escapes into the 
environment; it is not available for further work. By contrast all the work the car 
performs transforms into various kinds of heat (energy); it moves the car forward 
but also warms up the interior, it creates an air flow, it wears the tyres. While it is 
always possible to transform kinetic energy and work into heat, it is never possible 
to transform all heat into work. Clausius then defined a change in entropy for a 
reversible process as follows: 


Change in Entropy (dS) 


Energy supplied as heat (dQ rev ) 

Temperature at which the heat transfer occurs (T) 

( 2 . 2 ) 


And for an irreversible process he defined the change in entropy as dS > dQ/ 
T > 0. Clausius further proposed that the amount of entropy, in an irreversible 
process, never decreases. This leads to the Second law of thermodynamics: 


AS >0(3), 


(2.3) 


(whilst the first law states that the total amount of energy remains constant). In all 
natural processes the amount of entropy (of disorder) increases, as we are well aware 
from our everyday experience. Clausius expressed the first law of thermodynamics 
in the pithy statement: 

Die Energie der Welt ist constant. The energy of the world is constant. 

And then applies the concept of entropy to the whole universe: 

Die Entropie der Welt strebt einem Maximum zu. The entropy of the world strives towards 

a maximum. (Atkins 2003, 119; Torretti 2007, Sect. 6) 

The increase in entropy in natural systems means that the energy available to do 
useful work decreases. A log of wood keeps the fire burning, which makes the 
water boil; but once the log has turned into ashes, it can no longer do useful work. 
Ashes don’t keep the fire burning. 

As we shall discuss, a generation later Ludwig Boltzmann (1844-1906) felt 
compelled to redefine the notion of entropy for statistical mechanics. But he 
echoed Clausius’s generalization when he declared that the 
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Second law proclaims a steady degradation of energy until all tensions that might still 
perform energy and all visible motions in the universe would have to cease. (Boltzmann 
1886,19) 

If it is true that there is a general degradation of energy, then all forms of energy 
will eventually be converted into ‘heat’ and the universe will reach thermal 
equilibrium. This tendency towards equilibrium was called the ‘heat death’ at the 
end of the 19th century. The scenario of the Heat Death enjoyed great popularity. 
It was meant to signal that the whole universe would eventually consume the 
amount of useful available energy, making it impossible to sustain temperature 
differences. At the end of the universe the total amount of energy was still 
unchanged but the balance between useful and useless energy had shifted towards 
thermal equilibrium. The sun, for instance, would no longer sustain life on Earth. 
Thomson (1852) spoke of ‘a universal tendency in nature to the dissipation of 
mechanical energy’ and concluded his survey with the ominous warning that ‘the 
Earth was and will again be unfit for human habitation’. 

L. Boltzmann, like W. Thomson, lifts the notion of entropy to a cosmological 
level in an attempt to identify the arrow of time. Whilst it is generally accepted that 
entropy increases to a maximum in a closed system, like a container of gas 
molecules, Boltzmann assumes that the Second law can be applied, under certain 
reservations, to the whole universe. 

People have been amazed to find as an ultimate consequence of this proposition that the 
whole world must be hurrying towards an end state in which all occurrences will cease, but 
this result is obvious if one regards the world as finite and subject to the second law. 
(Boltzmann 1904, 170; cf. Uffink 2001) 

It will emerge later that this assumption is questionable. Boltzmann himself 
pointed out that the direction of increasing entropy could be identified with the 
arrow of time only in certain parts of the universe. 

There must be in the universe, which is in thermal equilibrium as a whole and therefore 
dead, here and there relatively small regions of the size of our galaxy (which we call 
worlds), which during a relatively short time of eons deviate significantly from thermal 
equilibrium. Among these worlds the state probability increases as often as it decreases. 
(....) a living being that finds itself in such a world at a certain period of time can define 
the time direction as going from less probable to more probable states (the former will be 
the “past” and the latter the “future”) and by virtue of this definition he will find that this 
small region, isolated from the rest of the universe, is “initially” always in an improbable 
state. (Boltzmann 1897, 242; cf. Boltzmann 1895a, 415; Sklar 1992, Chap. 3; Zwart 1976, 
Chap. VI, Sect. 3; Whitrow 1980, Sect. 7.3; van Fraassen 1970, 90ff) 

Boltzmann holds that the arrow of time lies in the direction, in which a small 
region of the universe moves closer to equilibrium. Such small regions house life- 
supporting planets like the Earth. Boltzmann proposes that the surrounding universe 
is in thermal equilibrium but there are local, entropy-decreasing fluctuations; our 
world is in an ordered state, away from equilibrium, because it exists in an entropy- 
reduced fluctuation state. Although the entire universe languishes in a state of Heat 
Death, in which time no longer exists, the inhabitants of low-entropy fluctuation 
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Fig. 2.17 Maxwell’s 
Demon, Wikimedia 
Commons 



states see their time as anisotropic and may conclude that their ‘universe’ displays 
an arrow of time (cf. Boltzmann 1923, Sect. 90). 


2.8.5 Maxwell’s Demon 

Boltzmann, however, soon encountered problems with the thermodynamic notions 
of entropy and disorder, which forced him to reinterpret the Second law in a 
statistical manner. The understanding of the Second law as a probabilistic, rather 
than a deterministic law, in turn had serious consequences for the identification of 
the arrow of time with entropy. This shift constituted the beginning of the tran¬ 
sition from thermodynamics to statistical mechanics. 

In a famous thought experiment, involving ‘a being with superior faculties’, 
James Maxwell attempted to show that the Second law of thermodynamics only 
possessed statistical validity (Maxwell 1875, 328-329; cf. Earman and Norton 
1998, 1999; Leff and Rex 2002; Hemmo and Shenker 2010). This being, later 
dubbed ‘Maxwell’s demon’, is able to ‘follow every molecule in its course’. In an 
appropriate setup such a being would be able, says Maxwell, to sort the molecules 
according to their respective velocities. The setup is simply a container, divided 
into two chambers by a partition, in which there is an opening (Fig. 2.17). The 
demon’s only work involves the opening and closing of the hole ‘so as to allow 
only the swifter molecules to pass from A to B, and only the slower ones to pass 
from B to A.’ Maxwell concludes: 

He will thus, without expenditure of work, raise the temperature of B and lower that of A, 

in contradiction to the second law of thermodynamics. 
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If it can be broken, the Second law cannot enjoy deterministic validity. It must 
be a statistical principle, which holds with overwhelming probability for systems 
composed of many particles. It follows that findings, which apply to the macro¬ 
scopic level, may not apply to the microscopic level: 

This is only one of the instances, in which conclusions which we have drawn from our 
experience of bodies consisting of an immense number of molecules may be found not to 
be applicable to the more delicate observations and experiments which we may suppose 
made by one who can perceive and handle the individual molecules which we deal with 
only in large classes. 

Following this insight. Maxwell spells out the classical view of probability, 
which results in averages over micro-states (of molecules) but leaves us ignorant 
about their individual properties (position, momentum): 

In dealing with masses of matter, while we do not perceive the individual molecules, we 
are compelled to adopt what I have described as the statistical method of calculation, and 
to abandon the strict dynamical method, in which we follow every motion by the calculus. 
(Maxwell 1875, 329; cf. Myrvold 2011) 

Physicists ever since have attempted to show that Maxwell’s demon cannot 
achieve his aim; and that the demon himself is subject to the Second law. 10 For if 
the demon succeeded, our energy problems would be solved: 

Machines of all kinds could be operated without batteries, fuel tanks or power cords. For 
example, the demon would enable one to run a steam engine continuously without fuel, by 
keeping the engine’s boiler perpetually hot and its condenser perpetually cold. (Bennett 
1987, 88) 

One reason why the demon cannot escape the effects of the Second law is that, 
in order to sort the molecules, he must be in contact with them and thus is affected 
by their thermal motions. The demon would absorb more heat from the molecules 
than he can expand. In other words, he would warm up. He would begin to shake 
from the Brownian motion of the molecules inside his body, which would make 
him unfit to perform his task. 

It turns out, if we build a finite-sized demon, that the demon himself gets so warm that he 
cannot see very well after a while. The simplest demon, as an example, would be a trap 
door held over the hole by a spring. A fast molecule comes through, because it is able to 
lift the trap door. The slow molecule cannot get through, and bounces back. But this thing 
is nothing but our ratchet and pawl in another form, and ultimately the mechanism will 
heat up. If we assume that the specific heat of the demon is not infinite, it must heat up. It 
has but a finite number of internal gears and wheels, so it cannot get rid of the extra heat 
that it gets from observing the molecules. Soon it is shaking from Brownian motion so 
much that it cannot tell whether it is coming or going, much less whether the molecules are 
coming or going, so it does not work. (Feyman 1963, Sect. 46.3) 


10 As Earman and Norton (1998), (1999) discuss, different scenarios can be envisaged: whether 
the demon is an intelligent being or a physical system does not, however, affect his ultimate 
failure. Cf. Szilard (1983); von Baeyer (1998); Leff and Rex (2003). 
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Nevertheless, J. C. Maxwell achieved his aim of ‘picking a hole in the second 
law’. The Second law is a statistical principle, which raises several questions for 
the notion of time: 

• Reversibility: It is not a violation of the Second law if all the molecules in the 
container in the course of time return to their initial state. But this return is 
unlikely to happen in the lifetime of the universe. Yet there is a fundamental 
split between the reversibility of the micro-states and the overwhelming irre¬ 
versibility of the macro-states. What then is more fundamental: the temporal 
symmetry of the dynamic laws, which govern the micro-states or the temporal 
asymmetry of the macro-states, with which we are familiar? 

• Arrow of Time : If the second law is a statistical law, is it still possible to 
associate the arrow of time with an increase in entropy? Do the Boltzmann 
fluctuations mean that the arrow of time reverses when entropy decreases? And 
is the universe on a trajectory towards a Big Chill or a Big Crunch, a return to its 
original state? Is the universe symmetric rather than asymmetric? 

As will be shown in Chap. 4 such questions cannot be answered within classical 
thermodynamics. They require tools as furnished by quantum cosmology. But this 
Chapter first completes its survey of the contributions of physics to the notion of 
physical time. 


2.9 Time in Modern Physics 


It is important to make a sharp distinction between an asymmetry of the world in time 
from an intrinsic asymmetry of time itself. (Davies 1994, 120; italics in original) 

It has been argued that there is a need for physical time and that physical time, 
because of the uniformity in the sequence of events, on which it is based, is 
measurable time. Both the theory of relativity and quantum theory made significant 
contributions to our understanding of measurable time, because they threw further 
light on the notions of regularity and invariance. 


2.9.1 The Measurement of Time in the Special Theory 
of Relativity 

Much of classical physics is concerned with absolute reference frames, in which the 
laws of motion are embedded. Reference frames can be characterized as coordinate 
systems, which are in inertial, non-accelerated, motion with respect to each other. 
The coordinate axes provide the units of spatial and temporal length. Prior to 
Einstein, many thinkers, from Aristotle to Newton, assumed that absolute reference 
frames existed, against which all other, merely relative motions could be measured. 
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These absolute reference frames were often regarded as privileged in comparison 
with the mere relative motions. In Greek cosmology, for instance, the position of 
the motionless Earth, near or at the centre of the universe, constituted such a 
privileged position. The natural motion of earthly objects, like falling stones, was to 
‘strive’ back towards the Earth, since the ‘centre’ was their ‘natural’ place. The 
‘fixed’ stars also provided absolute reference systems, against which the orbits of 
the planets could be tracked. Although around the time of the Scientific Revolution 
the Aristotelian theory of motion had long been abandoned, Newton still formulated 
both space and time as absolute reference frames, against which all other, merely 
relative motions are to be measured. Such systems are called ‘absolute’ because 
they furnish the ultimate unchanging standards, against which all other motions can 
be gauged. Recall the two ‘intelligent’ molecules floating randomly in their con¬ 
tainer world. When they meet, the question ‘where are you?’ makes little sense as 
long as they only have their relative motions and positions to orient themselves. An 
answer like ‘within your sight’ or ‘at arm’s length’ would not be very informative. 
But if on the inside of the container two axes are painted: one vertical ‘y’ axis along 
the side and a horizontal ‘x’ axis along the floor, it is easy for the two intelligent 
molecules to position themselves inside the container. The ‘x-y’ system on the 
inside of the container would serve as an absolute reference frame, compared to 
their relative motions (Fig. 2.11). Such ‘absolute’ reference frames were often 
regarded as fixed—like the stationary Earth in Greek cosmology—and immaterial, 
like Newton’s philosophical notion of absolute container space and the meta¬ 
phorical river of time (cf. Smart 1956). They were non-dynamic, since they served 
as a canvass against which the material world evolved (cf. Rynasiewicz 2000; 
Friedman 1983). And although Leibniz did not agree with Newton that these 
absolute reference frames were immaterial, he regarded them, in agreement with 
classical science, as universal in the sense that all observers in the universe agreed 
with these standards. 

As science progressed in the 19th century it failed to find evidence for the 
existence of absolute reference frames. At first, 19th century physicists believed 
that an all-pervasive ether filled all of space, which served as an absolute scale, 
against which all relative motions on Earth could be measured. Such an ether¬ 
filling medium would fulfil the same functions as Newton’s absolute space, since it 
would constitute an absolute reference frame, which is both regular and invariant. 
However, physicists could not find any experimental evidence for the ether—the 
famous Michelson-Morley experiment (1887) drew a null result. The experiment 
showed that the existence of such an ether or absolute reference frame could not be 
detected. If there was no evidence of absolute space, there was no evidence of 
absolute time either. Absolute motion could not be detected. 

At the beginning of the 20th century, Einstein’s famous Special theory of 
relativity (1905) showed further that such absolute reference frames were not 
needed for the formulation of the laws of physics. As we shall see (Chap. 3), the 
Special theory of relativity reawakened interest in the Parmenidean-Kantian view 
of time and it requires a reinterpretation of the Leibnizian notion of order. The 
Special theory of relativity does not apply to cosmology but it laid the foundation 
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Fig. 2.18 Relative 
simultaneity. Only for the 
human observer on the 
embankment do the bolts of 
lightning strike 
simultaneously 



for the General theory of relativity, which applies to large-scale cosmic structures. 
In both theories the time used is clock time, since the effect of motion on various 
kinds of clocks is taken into consideration. The Special theory is not, strictly 
speaking, a revolutionary theory. It is best thought of as an extension of classical 
mechanics. But it had a revolutionary effect on the classical notion of time in the 
same way in which the General theory had an effect on the notion of space. Both 
theories work with the notion of space-time. The Special theory had an immediate 
impact on the measurement of time. Einstein used light clocks because his theory 
of relativity shows that mechanical clocks are no longer reliable indicators of 
universal time. The impact was threefold—it concerned (a) the simultaneity of 
events; (b) the synchronization of clocks and (c) the universality of time. 

1. In one of his famous thought experiments Einstein considers a fast-moving train 
whose front and rear ends, as it passes an embankment, are hit by bolts of 
lightning (Fig. 2.18). Two observers witness the event. One sits in the middle of 
the train, the other observes the events from the embankment. Only the 
embankment observer will see the two events as simultaneous, whilst the train 
passenger experiences the events as non-simultaneous. Within their respective 
frames the events occur regularly but they are not invariant across the two 
frames moving inertially with respect to each other. The reason for this curious 
situation is the finite, constant velocity of light. The observer on the train 
‘rushes’ towards the ray of light coming from the front but ‘runs away’ from the 
ray coming from the rear end of the train. The two signals hit the embankment 
observer’s retina at the same time. Nevertheless, this situation does not give rise 
to relativism, since the observers can calculate the respective values of the 
arrival times of the signals. The rules they use are known as the Lorentz 
transformations. The effect of these rules can be compared to the transformation 
rules used by Archimedes and Eratosthenes, who—according to a previous 
thought experiment—used their knowledge of astronomy to calculate the 
highest point of the sun in their respective locations. 

Einstein’s train thought experiment illustrates the so-called ‘relativity of 
simultaneity’, which is a consequence of the Special theory of relativity. In this 
illustration, an event, which is simultaneous for the embankment observer is no 
longer simultaneous for the train-bound observer. Thus Einstein abandons the 
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Fig. 2.19 Disagreement about the synchronization of clocks in two reference frames in relative 
motion to each other. This is an example of the path-dependence of clock time (adapted from 
Gamow 1971. 13-14) 


universal simultaneity assumption in classical physics. Relative simultaneity, as 
Einstein insists, is one of the arguments for the relativity of time. 

Events which are simultaneous with reference to the embankment are not simultaneous 
with respect to the train, and vice versa (relativity of simultaneity). Every reference-body 
(co-ordinate system) has its own particular time; unless we are told the reference-body to 
which the statement of time refers, there is no meaning in a statement of the time of an 
event. (Einstein 1920, 26; italics in original) 

2. Consider some space travellers who experiment with the clocks, which are 
attached to their space rockets. Their rockets serve as inertial reference frames, 
which travel near the speed of light. There are four observers, each one occu¬ 
pying a corner of the spaceship (1A, 2A and IB, 2B, respectively) travelling in 
opposite directions (Fig. 2.19). They have set their clocks internally according 
to the method of light clocks, discussed below. They now wish to compare their 
clocks. When the spaceships’ two midpoints coincide, a light signal is set off, 
which propagates towards the front and rear ends respectively. As light travels 
with finite constant velocity, and the spaceships travel relative to each other, the 
observers 2A and 2B will be closer to the light source than observers 1A and IB. 

• The signal will reach observer 2A earlier than IB who will receive it after 
some additional time. According to 2A the clock of IB lags behind time. 

• The signal will reach 1A later than 2B, so that 1A will conclude that 2B’s 
clock is ahead of time. 

As their clocks are synchronized within their respective spaceships, observers 
in A will claim a delay between the watches of the other observers in B, and vice 
versa. Both A and B are correct from their respective points of view. It makes no 
sense to ask whose clock is ‘really’ showing the right time. The notion of absolute 
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simultaneity has vanished. Clearly the clock readings are perspectival. There are 
other effects on clocks, to be discussed later, which lead to similar consequences. 

3. Finally, consider the loss of the universality of temporal measurements, which 
was inherent in Newtonian physics. Recall that Leibniz agreed with Newton 
that time ticks at the same rate for every observer in the universe. They agreed 
that time was universal although they disagreed about whether it was also 
absolute (independent of material events). Einstein abandoned the universality 
assumptions of classical physics. When clocks do not seem to tick at the same 
rate for all observers, it becomes difficult to agree on the temporal lengths of 
events. By abandoning the classical universality notion, he also abandoned the 
classical invariance notion. Thus the clocks run regularly for inertial observers 
within their own reference frames but across inertial reference frames the 
respective clocks are seen as running either ‘fast’ or ‘slow’, depending on the 
velocity of the frame, and the viewpoint from which they are observed. Spatial 
and temporal measurements become perspectival features of inertial reference 
frames, a phenomenon known as ‘time dilation’. 

From the point of view of the measurement of time, the most striking conse¬ 
quence of these thought experiments is the loss of universality and invariance, 
though not regularity. The classical notion of universality of clock readings is lost 
because every reference frame carries its own clock but if these clocks are in 
inertial motion with respect to each other the clock readings will not agree. The 
invariance across different reference frames is lost because clocks, as judged from 
respective reference frames in inertial motion with respect to each other, are 
considered to tick at different rates (time-dilation). In other words, clock readings 
are path-dependent. Clocks record the length of a time-like curve connecting two 
events. But clock time retains its regularity within a particular reference frame— 
according to observers in these particular frames, the clocks run ‘normally’. It 
seems that the only invariant clock time, which still exists in the Special theory of 
relativity, is the clock time measured along the world line of each particular 
reference frame (Denbigh 1981; Chap. 3, Sect. 7; cf. Petkov 2005, Sect. 4.9; Hoyle 
1982, 94). However, the loss of the universality and invariance of clock time is 
compensated for by new types of invariance. For Einstein postulated that the 
velocity of light, c, is invariant in all inertial reference frames. In 1676 the Danish 
physicist Olaf Rpmer had determined the velocity of light by observations of the 
Jupiter moons; he found the value of c « 225,000 km/s (or 2.25 x 10 8 m/s, 
which is relatively close to the modern value of 2.99 x 10 8 m/s in vacuum). In his 
concern for invariance Einstein shares the same worry as Newton who postulated 
absolute time and space as a background for the formulation of the laws of motion. 
These ‘invariants’ are one reason why Einstein’s theory of relativity is not a 
relativist theory. What Einstein means is that the theory of relativity needs to 
recover invariant relationships, despite the perspectival nature of spatial and 
temporal measurements. Absolute yardsticks like the ether, absolute space and 
time are replaced by a number of invariant relationships, which may serve as the 
basis for the measurement of physical time. 
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2.9.2 Invariants of Space-Time: Speed of Light 


The best known invariant relationship is the invariance of the speed of light, c, 
which Einstein raises from a mere empirical finding in classical physics to a 
postulate of his theory. The invariance of c means all observers, who move 
inertially with respect to each other in what is known as Minkowski space-time, 
measure the same constant speed of light. The speed of light is neither dependent 
on the velocity of the emitting body nor on the direction, in which the light ray is 
emitted. To fully appreciate the significance of this result, compare it with an 
‘ordinary’ situation, as in Fig. 2.18, but in which a ‘shooter’ is now positioned on 
top of the moving train whilst an observer on the embankment watches the action. 
The shooter first aims his rifle in the direction of the moving train and then in the 
opposite direction, and fires. Let the train move at 30 m/s and the bullet at 800 m/s. 
What is the velocity of the bullet? According to classical physics, to determine the 
velocity of the bullet the two velocities need to be added, according to a particular 
rule. This rule is known as the addition-of-velocity theorem: w = v + v'. As the 
shooter is part of the moving train system—the moving train is his reference frame 
and he does not move with respect to it (v = 0)—the bullet has a velocity, v', of 
+800 m/s in the direction of the train and a velocity of —800 m/s in the opposite 
direction. But the observer on the embankment finds himself in a different refer¬ 
ence frame, which is at rest with respect to the moving train. Applying the 
addition-of-velocity theorem, he will calculate a combined velocity of +830 m/s in 
the direction of the train —w = 800 + 30 m/s—and a combined velocity of 
+770 m/s in the opposite direction— w = 800 — 30 m/s. But if this classical the¬ 
orem is applied to the velocity of light, c, the embankment observer will arrive at a 
contradiction with the postulated constancy of c. To see this, let the person on top 
of the train shine a torch, instead of firing a rifle, in both directions. The light rays 
from the torch travel at a velocity c. The embankment observer will add the 
velocity of the train, v, to the velocity of light, c, and s/he will subtract the velocity 
of the train from the velocity of light, and hence will arrive at different values for 
the two situations. If the value of c really is a constant («3 x 10 8 m/s), then it 
must have the same velocity in all situations. Hence the addition of velocities 
theorem of classical physics must be wrong for it yields superluminary velocities 
(c + 30 m/s) in one scenario and subluminary velocities in the other (c — 30m/s). 
Einstein proposed that the old theorem w = v + V be modified to reflect the 
constancy of c: 


w 


v + v' 



(2.4) 


This new velocity theorem yields the old theorem in the limit when v and v' are 
much smaller than c. But it never renders a velocity greater than c. Let the train 
move at a velocity near the speed of light, ci, and let the train-bound observer 
again shine a light, c 2 , in both directions. On applying the new velocity theorem: 
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the embankment observer will calculate a combined velocity of c for the two 
situations, in agreement with the postulate. For the train-bound observer w — c. 

Einstein also used light clocks to compensate for the lack of synchronization of 
moving clocks (Einstein 1905, 30). How can two clocks, which are separated in 
space, be synchronized? An observer, C, can be placed at midpoint between the 
two clocks at A and B. A and B emit light signals towards C. The two clocks are 
synchronized when the signals arrive at C at the same time (Fig. 2.20). These two 
clocks will be in synchrony according to this procedure, if the condition — tc = 
ts — tc is satisfied. 

The use of light clocks also allows a definition of the simultaneity of two events 
in a given reference frame. Imagine that observers A and B, after having syn¬ 
chronized their clocks, move to positions A and B, where they explode bombs. 
This is a version of the train thought experiment. C, who is equidistant between 
A and B, will see the light from the two explosions at the same time and hence will 
conclude that they exploded simultaneously. Thus two events in a given reference 
frame are simultaneous, according to this procedure, if the light signals from the 
events reach an observer halfway between the events at the same time, according 
to his clock. 11 But, as has been emphasized, two events, which are simultaneous in 
one reference frame, S (like the train platform or spaceship A), are not simulta¬ 
neous in another reference frame. S' (like the moving train or spaceship B). 

As we shall see in Chap. 3, this train thought experiment may be dubbed the 
locus classicus for the prevailing view that the passage of time, according to the 
Special theory of relativity, is a human illusion, since every reference frame 
records its own clock readings, which depend on the velocity of the frame. There 
are ‘as many times, as there are reference frames’ (Pauli 1981, 15). There are also 
as many ‘Nows’ as there are reference frames, with the consequence that there is 
no universal Now. It seems, then, that time cannot be a feature of the physical 
universe. For the slicing of four-dimensional space-time into a ‘3 + T perspec¬ 
tive—three spatial and one temporal dimension—depends on the velocity of the 
reference frame, to which respective observers are attached. If the passage of time 


11 The apparently simpler method of moving clocks, which have been compared and 
synchronized in one location, to different positions, does not work because moving clocks run 
slowly according to the time dilation result of the Special theory of relativity (see Tipler 1982, 
941; Torretti 1999a, b. Chap. V). 








2.9 Time in Modem Physics 


69 



Fig. 2.21 a Stationary observer and simultaneity plane to E b Moving observer and simultaneity 
plane to E. The simultaneity plane has the same inclination as the T-plane. Note that the light 
cone does not tilt 


is a human construction, then the physical universe must be a Parmenidean block 
universe. Heraclitean flux is an illusion. This reasoning drove many scientists and 
philosophers to accept a Kantian view of time. 

Due to the absence of an observer-independent simultaneity relation, the Special theory of 
relativity does not support the view that 'the world evolves in time’. Time, in the sense of 
an all-pervading 'now’ does not exist. The four-dimensional world simply is, it does not 
evolve. (Ehlers 1997, 198) 

But does this perspectivalism justify the claim, often made in connection with 
such thought experiments, that time is a mental construct and that the physical 
world is an atemporal block universe? 


2.9.3 Further Invariants in Space-Time 

Although temporal and spatial measurements are perspectival in the Special 
theory of relativity—there are as many times as there are reference frames in 
inertial motion—there exists nevertheless an invariant four-dimensional space- 
time structure—Minkowski space-time—which is the same for all inertial 
observers. 

Minkowski space-time is a geometric construction, which reflects both the 
perspectival aspects of the theory and its invariant structure. The invariant struc¬ 
ture is expressed by the invariance of the speed of light, c and the space-time 
interval, ds. 

Consider, first, how the perspectival features of the geometric representation are 
captured in space-time diagrams. In Fig. 2.21a, b the simultaneity planes of the 
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Fig. 2.22 Basic space-time structure of Minkowski space-time. The horizontal line defines the 
present; the inclined lines define the limits of the light cones, which no material particle, moving 
at less than the speed of light, may penetrate. Event A" can affect the present time, and the present 
time can affect the future event A'. But the event B, outside of the lightcone, cannot be reached by 
any known material processes. This structure is the same for all observers: light cones do not tilt 

respective observers are inclined at oblique angles, which reflect the different 
velocities of the reference frames to which each observer is attached. The 
observers disagree about the simultaneity of events, as well as their duration and 
the spatial extent between them. Nevertheless, they are able to compute each 
other’s measurements by the employment of the Lorentz transformations, which 
are therefore invariant. 

Second, the invariance of the speed of light, c, for all observers invests the 
geometric construction with a causal structure (Fig. 2.22). 

From each event, p, a light cone diverges into the future, and a light cone 
converges from the past onto p. These light cones can be connected by signals, and 
hence an earlier event can have a causal effect on a later event, within the light 
cone, but events lying beyond the boundary of the light cones cannot be reached by 
either light or other electromagnetic signals. The invariant structure of Minkowski 
space-time means that the temporal order of events is fixed for all inertial 
observers, even though they judge the simultaneity of events differently. 

Chapter 3 will investigate the philosophical consequences of Minkowski space- 
time, in particular the claim that the perspectivalism of temporal measurements 
means that time is a mental construct in the Kantian sense, and that the physical 
world is atemporal. 

We shall also see that there are two different ways of interpreting c, giving rise 
to two different views of Minkowski space-time. The geometric view is the 
standard approach, in which c is a postulate, which defines the geometric limit of 
the light cones, within which all material particles trace out their world lines. But 
c can also be seen as an optical signal and this defines an optical approach. From 
the point of view of an optical approach, which leads to a light geometry, 
c propagates with a finite velocity between events in space-time and is subject to 
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Fig. 2.23 Various world lines lead from event E) to event E 2 , as seen in two different reference 
systems moving relative to each other. The primed systems moves at v = 0.6c, which means that 
its temporal and spatial axes are inclined at 31°. Each square of the grid has a unit of ten. The 
length of each world line is computed from the equation ds = i Jc 2 dt 2 — dx 2 , where c = 1. 
Although the coordinates of each event are different in each reference system, because of the 
effects of time dilation and length contraction, the invariance of the space-time interval— 
ds = ds '—means that its length is the same in each reference frame 


thermodynamic considerations. These two approaches lead to very different 
interpretations of Minkowski space-time and the notion of time (Chap. 3). 

A further invariant relationship is the space-time interval, ds, which starts from 
the well-known fact that separate measurements of spatial and temporal lengths in 
Minkowski space-time are subject to the phenomena of time dilation and length 
contraction. This has the result that observers, who are attached to different ref¬ 
erence frames, moving inertially with respect to each other, will not agree on 
(a) the simultaneity of two events (Fig. 2.18), (b) the temporal duration of events 
(Fig. 2.23), (c) the spatial lengths of rods. For these observers the clocks run 
regularly within their respective frames (proper time), but are not judged as ticking 
invariably across the observers’ inertial frames (co-ordinate time). However, if the 
observers unite space and time, in Minkowski’s words, then they will agree on the 
space-time interval ds (Fig. 2.23) such that 


ds = \J dx 2 + dy 2 + dz 2 — c 2 dt 2 = ds' = \J dx' 2 + dy' 2 + dz' 2 — c 2 dt 12 (2.6) 
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Although the observers record different clock times in their respective frames, 
the space-time separation, ds, of events in space-time is invariant. This means that 
observers will agree on a basic succession of events in space—time, as long as the 
possibility of a causal signal connection between them exists. Thus they will 
disagree on the simultaneity of events but agree on their order and space-time 
separation. The time order of events is invariant within the respective light cones. 

Whilst ds and c are the best-known invariant relationships in the Special theory, 
and often used in philosophical arguments against the block universe, they are not 
the only invariants. In the geometric approach ds and c appear as geometric 
constructions, which either set the limit of the light cones or specify a space-time 
interval between events, which is invariant for all time-like related frames. But 
from the point of view of an optical approach, which leads to a light geometry, 
c propagates with a finite velocity and is subject to thermodynamic considerations. 
This means that the space-time interval ds, which guarantees invariance, must be 
grounded in empirical relations, still to be specified. 


2.9.4 The Measurement of Time in the General Theory 
of Relativity 

As is well-known, soon after the completion of his Special theory of relativity 
(1905), Einstein realized that this theory had limitations, which needed to be 
overcome. The first limitation was that the Special theory still gives undue pref¬ 
erence to inertial reference frames. It extended the Galilean relativity principle 
from mechanical to electrodynamic phenomena but it was a ‘principle of the 
physical relativity of all uniform motion’ (Einstein 1920, Chap. XVIII, 59; italics 
in original). In order to include non-uniform motion in the principle of relativity, 
Einstein extended the special principle of relativity to a general principle. 

All bodies of reference K, K', etc. are equivalent for the description of natural 

phenomena (formulation of the general laws of nature), whatever their state of motion. 

(Einstein 1920, 61) 

Thus the General theory of relativity deals with uniform and accelerated motion 
and assumes the equivalence of inertial and gravitational mass. The Special theory 
of relativity is only valid in the absence of gravitational fields. But gravitational 
fields have an effect on the acceleration of particles. In a famous thought exper¬ 
iment Einstein concluded that the force, which particles experience as gravitational 
acceleration, could be attributed to the local curvature of space-time. The second 
limitation of the Special theory was that it treated Minkowski space—time as an 
undynamic geometric structure. It affected the behaviour of measuring rods (length 
contraction) and mechanical clocks (time dilation) but the material world had no 
effect on the space-time structure. In the General theory the space-time structure 
itself becomes, in Wheeler’s words, fully dynamic in the sense ‘that matter tells 
space-time how to curve and curved space—time tells matter how to move’. For 
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Einstein space-time is ‘not necessarily something to which one can ascribe a 
separate existence independently of the actual objects of physical reality’ (Einstein 
1920, Note to 15th edition). 

What effect does gravitation have on the measurement of time? The ticking rate 
of a clock will be affected by its position in the gravitational field. The stronger the 
gravitational field, the slower its rate. If two clocks are placed in a gravitational 
field, which varies in strength, the two clocks will not tick at the same rate. A clock 
at the bottom of a mountain will run more slowly than a clock at the top of a 
mountain, because of the gravitational gradient between top and bottom—this 
phenomenon is called gravitational time dilation. Generally, clocks at rest in 
a strong gravitation field run more slowly by a factor of 1 + GMj than in a 
weaker field (Clemence 1966). If a clock moves with uniform velocity through a 
gravitational field both effects—time dilation due to its velocity and its position in 
the gravitational field—have to be taken into account. In a famous experiment— 
the Maryland experiment (1975-1976)—atomic clocks were flown around the 
Earth in commercial airlines at a constant height and their time was compared to 
atomic clocks stationed on Earth. Compared to the earth-bound clocks, the moving 
clocks experienced two effects: due to the velocity effect the airborne clocks ran 
more slowly by 6 ns; and due to the gravitational effect they ran faster than the 
earth-bound clocks by 53 ns. The net difference is 53 — 6 ns = 47 ns (see Sexl 
and Schmidt 1978, 37-39; Thorne 1995, 100-103). 

Thus the General theory reaffirms the relativity of temporal measurements. The 
space-time of General relativity also seems to suggest a fundamental, timeless 
world. Einstein himself affirmed that the General theory had deprived time of 
the ‘last vestiges of physical reality’ (Einstein 1916, Sect. 3). As we shall see, in 
the General theory the Lorentz transformations of the Special theory are replaced 
by more general coordinate or manifold transformations (so-called diffeomor- 
phisms). Yet there are no transformations between coordinate systems without the 
retention of some invariant structure. In the case of the General theory, this is still 
the space-time interval, 5s, but in the presence of gravitational fields it takes the 
general form: 

ds = gn c dx'dx k 1 

where the g ik are functions of the spatial coordinates, x 1 , x 2 , x 3 and the temporal 
coordinate x 4 (cf. Wald 1984). 

The measurement of time in the General theory then reemphasizes the point, 
which reverberates throughout this chapter. On the one hand, there is a strong 
tendency in modern physics to relegate the notion of time to a Kantian ‘pure form 
of intuition’ and to consider the physical world to be a Parmenidean block 
universe; on the other hand, there are a number of invariant relationships, whose 
impact on the notion of time has not yet been properly appreciated. The question, 
which will be considered in the following chapters, is what effect the criterion of 
invariance will have on the notion of time in modern physical theories and whether 
it allows an inference to a Heraclitean universe. Although the General theory 
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applies to the large-scale structures of the universe, it does not seem to change the 
basic doubt that some writers may harbour about the objective passage of time. 
Will this doubt persist if the attention turns to the very small and probes the 
measurement of time in quantum mechanics? 


2.10 The Measurement of Time in Quantum Mechanics 

Effects like the relativity of simultaneity, the path-dependence of clocks in iner- 
tially moving systems and gravitational fields, have seduced many philosophers 
and physicists into modelling reality as a Parmenidean block universe, in which 
time seems to be reduced to a mere human illusion. But the question remains 
whether all these macroscopic considerations about the passage of physical time 
are not thrown into doubt when the microscopic world comes to the fore. Clocks 
are atomic systems to which quantum mechanics applies. 

Quantum mechanics—the physics of the atom—illustrates perfectly well the 
tension between flux and stasis, which so far has been associated with the theory of 
relativity. The fundamental equation of quantum mechanics—the Schrodinger 
equation—is said to be time-symmetric, whilst the measurement process of 
quantum systems leads to irreversibility. This difference marks a further reason, 
apart from the theory of relativity, why many people are tempted to opt for stasis, 
instead of flux: the fundamental equations of physics, like the Schrodinger equa¬ 
tion, are time-reversal invariant. Thus the same tension persists on the microscopic 
as on the macroscopic scale. Our experience of the world around us is temporal: 
we observe almost exclusively asymmetric phenomena. They give us the 
impression of the objective passage of time. But on a more basic level of funda¬ 
mental equations physical systems are perfectly time-symmetric. Can this tension 
be resolved? 

What, again, does temporal symmetry mean? The Introduction briefly hinted at 
a distinction between the time-reversal invariance of solutions and that of laws. To 
illustrate the time-reversal invariance of solutions, imagine you were shown a film 
of some ordinary physical process, like the orbit of planets around a central body. 
You are then asked to decide whether the film was running forward or in reverse. If 
you cannot decide—and in the case of orbiting planets it is impossible to decide— 
then the process is time-reversal invariant. If, however, you were shown a film of a 
vase, which falls from the top of a table and smashes to pieces on the floor, you 
would find it very natural to reject the suggestion that the backward-running film 
was showing a physically possible situation. Yet the laws of statistical mechanics 
do not forbid a vase picking itself up from the floor and reconstituting itself on the 
top of the table. It is simply very unlikely in the lifetime of the universe. The time- 
reversal invariance of laws means that the equations of physics admit—as phys¬ 
ically possible—processes, which are either generated by a positive time 
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parameter (+r) or by a negative time parameter (— t). For an equation to be time- 
reversal invariant the replacement of the parameter +1 by the parameter —t must 
yield physically admissible processes. That is, every process that is allowed to 
happen in one temporal direction (+t) is also allowed to happen in the opposite 
temporal direction (—t). The initial condition of the time-reversed process 
becomes the time-reversed final condition of the initial process. To illustrate, 
consider an object, which freely falls to the ground from a certain height, h. If the 
fall time, t, is given, the height, h, is determined by the equation: 


(where h is the distance the object has travelled after time, t, and v is its final 
velocity.) Let the object fall for 10 s near the surface of the Earth, then its final 
velocity (v = gt) is approximately 100 m/s (where g « 10 m/s 2 ). Then height, /?, is 


h = 


100 m / s * 10 s 


= 500 m 


( 2 . 8 ) 


But imagine that instead of running forward a backward running clock is used, 
so that it counts —10 s for the fall. Then the height traversed is —500 m, which is 
physically possible, since the object may fall from the top of a tower (set h — 0) to 
the bottom of the tower (h = —500 m). 

The two notions of time-reversal invariance are distinct: 


• A time-symmetric solution may not have been generated by a time-reversal 
invariant law. According to the cyclic theory of time, the past and future states 
of the world look identical and an observer would not be able to tell whether the 
observation of Plato and his friends lay in the past, the present or the future. And 
yet, as we found, the cyclic theory of time is incoherent. 

• A time-reversal invariant law may have asymmetric solutions, as is the case in 
quantum mechanics. The Schrodinger equation is an example of a deterministic, 
time-symmetric equation (under certain transformations), which governs the 
linear evolution of a quantum system. But the measurement of quantum 
processes produces asymmetric solutions (for all practical purposes). 

The Schrodinger equation describes the rate of change of the wave function, 'P 
or the state vector, |'F) with respect to time. 12 There is only one time coordinate 
for all quantum systems (time is not an operator in standard quantum mechanics) 
so that the parameter, f, stands for a universal, external time in the Newtonian 
sense. The expression |*P) is an example of the so-called ket notation. These 


12 Good descriptions of basic quantum mechanics can be found in Penrose (1995), Chap. 5; cf. 
Penrose (2005), Chaps. 12, 23, 30. See also Box IV, Chap. 4 for a description of basic quantum 
mechanics. Note that the Schrodinger equation is not invariant under the application of a simple 
time-reversal operator, T: t -> — t (i.e., if 'P (t) is a solution, *P (—t) may not be a solution) but it 
is time-reversal invariant under the Wigner transformation, which involves complex conjugation 
of the wave-function to express the reversal of momentum. 
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Fig. 2.24 a Wavelike behaviour of electrons, when both slits are open. Even when electrons are 
sent individually through the apparatus they still record an interference pattern on the screen, thus 
confounding the view that they behave, individually, like macro-particles. The individual particle 
goes into a superposition of states and travels through the slits in a superposed state. See 
c. b Particle-like behaviour of electron blast aimed at two slits. Depending on whether slit or slit 

2 is open, patterns // or I 2 will form respectively. Alternatively, when a device is used to measure 

through which slit the electrons travelled, they will again display particle-like behaviour and form 
two peaks (Ij + I 2 ). thus destroying the interference pattern, c Interference pattern observed in a 
laboratory. It should be noted that between 1959 and 1962, Jonssen (1974, 2005) carried out the 
real double-slit experiment with electrons and found the characteristic interference pattern 
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notations express 'the entire weighted sum, with complex-number weighting 
factors, of all the possible alternatives that are open to the system’ (Penrose 1995, 
259). For instance, quantum mechanics allows an electron to be at two different 
locations, A and B , simultaneously; these two alternatives are expressed in the 
quantum state |'P) as 

|T) = a|A) + fi\B) (2.9) 


where a and /i are complex numbers, which, when squared, express probability 
coefficients, which satisfy the condition |a| 2 +|/l| 2 = 1. The state I^P) is in a linear 
superposition of the two states |A), | B). The linear superposition of the two states 
indicates, according to the mathematics of quantum mechanics, that the quantum 
system is allowed to occupy these two states simultaneously. The Schrodinger 
equation then describes the deterministic evolution of such a system (in an abstract 
Hilbert space): 




ihdij/ 

dt 


2m 


V 2 iA + V\jj 


( 2 . 10 ) 


where H is the Hamiltonian of the system and the expressions on the right express 
kinetic and potential energy, respectively. The Schrodinger equation is linear, 
which means that it if two states, say |A) and \B). evolve after time t, to new states, 
say |A') and | B') respectively, according to the equation, then any superposition of 
these two states before t 


u\A) + p\B) (2.11) 

would, after time t, evolve to a new superposition 

a\A!) + P\Bf) (2.12) 

which is equally linear. This whole evolution is deterministic and time-reversal 
invariant: the Schrodinger equation states the rate of change of the system with 
respect to time in the sense that the forward and time-reversed evolutions give rise 
to physically admissible processes. That is, if T(x, t) describes the evolution of a 
quantum system, then T * (x. —t) also describes an evolution, where the time 
reversal operation is defined as T r (r, t) = T * (x, — f), which means that the 
time-derivative operator ^'/nt i n Eq. (2.10) is replaced by the expression — 

Whilst the Schrodinger equation is time-symmetric in the specified sense, the 
basic irreversibility in quantum mechanics arises from the measurement process. 
Such measurement processes have an effect on interference patterns, which often 
serve to illustrate the behaviour of quantum-mechanical particles. The simplest 
way to observe the interference patterns is to consider the famous double-slit 
thought experiment, which normally supplies an example of the wave-particle 
duality involved in quantum mechanics. In this experiment a stream of electrons is 
targeted at a partition with two slits. When both slits are open the electrons will 
behave like waves and form characteristic interference patterns on the recording 



78 


2 Time and Cosmology 


screen (Fig. 2.24a, c). It is tempting to think, on an analogy with classical particles 
like sand grains, that half of the particles will travel through slit ^ and the other 
half will choose slit But this way of thinking is refuted by a modification of the 
experimental set-up: instead of a stream of quantum particles, it is now individual 
particles, which are sent towards the screen. The surprising result is that the 
individual particles will slowly build up an interference pattern on the screen, in 
the same way as a stream of particles. The accepted explanation is that each 
individual electron goes into a superposition of states: 'F = a\slit 1) + /j|,v//r2). 
where again a and [1 are complex numbers, whose squared moduli express the 
relative probabilities of the measurement outcomes. The interference pattern will 
disappear when an attempt is made to measure through which slits the electrons 
travel to the screen, for instance by shining a light on them. The interference 
effects, associated with wave-like behaviour will be destroyed, and the measure¬ 
ment screen will display two peaks (Fig. 2.24b), as they would be produced if the 
electron stream were replaced by a blast of sand particles. 

The standard quantum mechanics of particles displays a dual character. There is 
on the one hand the linear evolution of the system in an abstract Hilbert space, 
encoded mathematically in the Schrodinger equation. It gives us information about 
the potentiality of the system or the number of possible states, the system is 
allowed to occupy, according the rules of quantum mechanics. The system evolves 
deterministically according to the time-symmetric Schrodinger equation from one 
state to a later state or to a superposition of such states. The second fundamental 
aspect of quantum mechanics arises when measurements are made on such sys¬ 
tems. In such cases the so-called ‘collapse’ of the wave function occurs. Any 
measurements, carried out on the system, ‘collapse’ the wave function from 
potentiality to actuality. The measurement process forces the wave function to 
abandon its options, expressed in the wave function 'F or the state vector T), and 
reduces it to one observable state. In the measurement process the superposition of 
states ‘collapses’ to one actual, observable state. There is much uncertainty about 
the dynamics of this collapse, or whether it takes place at all. This question will be 
taken up in connection with the arrow of time; the present chapter will proceed to 
describe the state vector reduction, which leads to an ‘unsuperposed’ state of the 
quantum system under consideration. 

This state reduction happens when a superposition, like a|A) + fl\B ), is faced 
with a measuring device, which is designed to register a particular outcome. 
Consider a photon in state |A), which impinges on a half-silvered mirror 
(Fig. 2.25). This action results in a superposition of states |C),|fi). Part of the 
photon is transmitted, | B), whilst another part is reflected, | C). 

The resulting state is a superposition of the transmitted and the reflected part: 

|A> - |fl> + i\C) (2.13) 

(where i is due to the phase shift that occurs between the two beams, indicating that 
| C) is reflected). What happens to this superposed state as it progresses through the 
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Fig. 2.25 Photon interference. The two photon parts interfere at the second half-silvered mirror, 
top right, such that only the transmitted part, |F), is registered, whilst the detector G does not 
register (adapted from Penrose 1995, 267; see Griffiths 2009, 120) 

experimental apparatus? Both the |C) and | B) states will be reflected by silvered 
mirrors in their respective arms so that j B) evolves, according to the Schrodinger 
equation, into i\D) and | C) into i\E). After this evolution the superposed state 
(i\D) + i(i\E)) = i\D) — £)) is set up to encounter another half-silvered mirror, 
which brings the two beams together. The evolution is such that |£>) —> G) + i\F) 
and |£) —» \F) + i\G). At this stage the two photons interfere with each other in 
such a way that the entire state emerges in state |F) and is registered at detector F, 
whilst detector G receives no photon. 13 Thus the two beams have come together to 
reduce the superposed state to just one actual registered state |F). The measure¬ 
ment of the superposed state results in the destruction of the interference effects. 
The measurement produces a basic asymmetry because the superposition is 
destroyed and the photon is registered in an unsuperposed state. Thus a contrast 
exists between the microscopic evolution of the system according to the time- 
symmetric Schrodinger equation, and the macroscopic asymmetry associated with 
the destruction of the interference effect and the emergence of one actual obser¬ 
vable photon state. This contrast is the general situation in quantum systems: 

What would happen in a more general situation such as when a superposed state like 
w\F) + z\G) encounters these detectors? Our detectors are making a measurement to see 
whether the photon is in state |F) or in state | G) . A quantum measurement has the effect of 
magnifying quantum events from the quantum to the classical level. At the quantum level, 
linear superpositions persist under the continuing action of U-evolution [unitary evolu¬ 
tion], However, as soon as the effects are magnified to the classical level, where they can 
be perceived as actual occurrences, then we do not find things to be in these strange 
complex-weighted combinations. What we do find, in this example, is that either the 


13 Mathematically, the detection at F and the non-detection at G is explained because the entire 
state i\D) - \E) evolves to i(|G) + i\F)) - ( i\G) + |F)) = i\G) - |F) - J F) - i\G) = -2| F), 
where the factor ‘2’ has no physical significance (see Penrose 1995, 262; cf. Griffiths 2002, 
Sect. 26.2; Carroll 2010, Chap. 11) Physically, G does not register because interference effects 
cancel each other out. 
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detector at F registers or the detector at G registers, where these alternatives occur with 
certain probabilities. The quantum state seems mysteriously to have ‘jumped’ from one 
involving the superposition w\F) +;|G) to one in which just |F) or |G) is involved. This 
‘jumping’ of the description of the state of the system, from the superposed quantum-level 
to a description in which one or other of the classical-level alternatives take place, is called 
state-vector reduction, or collapse of the wave function [R]. (Penrose 1995, 263; bold and 
italics in original) 

The algebra involved in the determination of the measured, observable state, 
after the collapse of the superposed state, indicates that reduction to a state of 
actuality is both regular and invariant, whether observers are moving at ordinary or 
relativistic speeds. Although they may disagree about the temporal ordering of the 
measurements when they move at relativistic velocities, this disagreement has no 
bearing on the outcome (Penrose 1995, 294; cf. Fn 8, Chap. III). Thus the 
observation of asymmetric irreversibility is not dependent on a particular per¬ 
spective, which the observer may adopt. And its regularity is revealed in its 
predictability. 

The measurement process in quantum mechanics is associated with a funda¬ 
mental asymmetry, as is revealed in the destruction of interference effects. The 
asymmetry involved in the destruction of interference patterns is accompanied by 
an increase in entropy. 

A consideration of the measurement of time has thus delivered several indi¬ 
cators, which seem to suggest an objective ‘flow’ of time—the expansion of the 
universe on a cosmic scale, entropic increase on a macroscopic scale and quan¬ 
tum-mechanical measurement processes on a microscopic scale. Those and other 
indicators of the nature of time shall be investigated in Chaps. 3, 4. Meanwhile this 
chapter concludes with some remarks about the chosen focus on the measurement 
of time and on some permissible inferences regarding the nature of time. 


2.11 Why Measurement? 


Time is nothing by itself. Lucretius, De Rerum Natura I, 459-464 

This chapter has mostly focussed on the association of time with cosmology 
because it illustrates two necessary requirements for the measurement of time: 
regularity and invariance. These two features accompany the story of temporal 
devices, from Galileo’s water clocks to Einstein’s light clocks. Even though clocks 
are ultimately atomic systems, the measurement process in quantum mechanics 
leads to an irreversible asymmetry. The measurement of time—in the sense of 
measuring a less periodic process by a more periodic process—pervades the sci¬ 
ences. Periodicity is not just a feature of physical systems; it is also an aspect of 
biological time. To illustrate the pervasiveness of periodicity consider some bio¬ 
logical aspects of time. Biological time can be understood as the time within the 
coordinate system of a living organism (Fisher 1966). A biological study of time 
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involves the study of temporal rhythms in animals and plants as well as human 
beings. There is no doubt that biological organisms possess biological clocks, for 
which there exists evidence in three different areas (Hamner 1966; Whitrow 1980, 
Chap. Ill; Wright 2006): 

• The discovery of photo-periodism by Garner and Allard (1920) revealed the 
influence of the relative length of day and night on the flowering response of 
many plants. 

• The celestial orientation in birds and insects shows their time sense. Birds use 
the ‘apparent’ position of the sun in the sky and compensate for the sun’s 
movement during the day. Migrating birds also find their direction by following 
patterns of stars in the night sky, thus reminding us of the connection between 
time and cosmology. 

• There are circadian rhythms (approximately 24 hour-rhythms) in plants and 
nocturnal animals, which are taken as a direct manifestation of biological 
clocks. 

• There are also some interesting biochemical considerations of the time sense in 
human beings (Hoagland 1966; Treisman 1999). We judge psycho-physiologi¬ 
cal time with our brain. Our judgement of time depends on the speed of 
chemical processes in the brain. If the body temperature is raised, chemical 
reactions increase, which leads to more psychological time passing in a given 
interval of clock time. Two units of ‘private’ time may pass in 1 min of clock 
time with the consequence that time appears to go slowly. If the body tem¬ 
perature is lowered the rate of biochemical changes is reduced; this leads to less 
physiological time passing in a given interval of clock time: clock time appears 
to go fast. Such biochemical considerations may hold the key to an explanation 
of the impression of faster moving time in old age, as the cerebral oxygen 
consumption slows down with advancing years. Experiments have shown that 
certain types of tranquilizers decrease the metabolic rate and lead to the per¬ 
ception that time ‘passes like magic’. By contrast certain stimulants like LSD 
result in an increased metabolic rate and lead to the perception of time passing 
slowly (see Fisher 1966, 364). Although Saint Augustine knew nothing of the 
biochemistry of the brain, he nevertheless became the discoverer of psycho¬ 
logical time, since he made the mind the metric of time. 

It has been emphasized in this chapter that the measurement of time was at first 
closely associated with periodic cosmological processes. This association contin¬ 
ues into modern physics. For a long time cosmological phenomena, like planetary 
motion, served as a basis for defining the day and the year, despite Newton’s 
misgivings about irregularities in the motion of the Earth. The identification of 
periodic patterns—the rotation of the Earth or lunar cycles—eventually gave birth 
to various kinds of clocks. Of particular importance for the measurement of time 
was the invention of the mechanical clock. 
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Fig. 2.26 Verge-and-foliot escapement, Wikimedia Commons 


One of the most surprising facts about the history of the clock is that neither the 
inventor nor the exact date of the invention of the mechanical clock are known. 
But there is good reason to believe that the invention occurred between 1280 and 
1300 A.D., somewhere in Europe since an extant document of 1271 forecasts the 
invention of a mechanical chronometer (Thorndike 1941; Dohrn van Rossum 
1992, 89f). There is reason to believe that it was not the clock, which created an 
interest in time measurement in Europe; rather the interest in time measurement 
led to the invention of the mechanical clock (Landes 1983, 58; Dohrn van Rossum 
1992, 90f; Wendorff 1985, 10, 85, 135 f, 142, 541; Whitrow 1989, 102f; 1980, 
Sect. 4.7). Several points are noteworthy about this invention: 

• What was revolutionary about the mechanical clock was not that it employed 
mechanical parts. Water and astronomical clocks did so too. The crucial 
invention, which made the mechanical clock possible, was the ‘verge’ and 
‘foliot’ escapement (Whitrow 1989, 103). A horizontal bar (foliot) was pivoted 
at its centre to a vertical rod (verge), on which two pallets hang (Fig. 2.26). 
These engaged with a toothed wheel (driven by a weight suspended from a 
drum), which pushed the verge one way and then the other, causing the foliot to 
oscillate. The wheel advanced, or ‘escaped’ by the space of one tooth for each 
to-and-fro oscillation of the foliot (Whitrow 1989, 103-104; Dohrn-van Rossum 
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1992, 52, Landes 1983, 7-8, 68). This innovation allowed a subdivision of the 
‘flow’ of time into numerous equal, measurable parts (Wendorff 1985, 139; 
Landes 1983, 11). Furthermore, this mechanism made the clock independent of 
the elements: as the mechanical clock was weight-driven, it was impervious to 
frost (unlike the water clock) and could be used (unlike the sundial) through the 
night and on cloudy days (Landes 1983, 7). This clock allowed the measurement 
of a less periodic process—say, the flow of water—by a more periodic pro¬ 
cess—the oscillation of the foliot. 

• The search for more precise oscillations eventually led to the replacement of the 
mechanical clock by atomic clocks, of which the first model was built in 1948 in 
the United States. In 1967 the first pulsar was discovered. Pulsars are fast 
rotating neutron stars, which emit electromagnetic radiation with such regu¬ 
larity, that in some cases the regularity of the pulsations is as precise as that of 
atomic clocks. Further refinements followed in the 1950s when the rotating 
Earth was displaced as the fundamental timekeeper by ephemeris time (1956), 
which provided a new definition of the second. Ephemeris time marks the 
transition from 1/86,400 of the mean solar day—a definition of mean solar 
second according to the daily rotation of the Earth—to 1/31,556,925.9747 of the 
tropical year in 1900—a definition according to the annual rotation of the Earth 
around the sun. Then, in 1967, the definition of the ‘second’ was finally 
detached from celestial clocks. A ‘second’ is now defined as 9,192,631,770 
periods of the radiation corresponding to the transition between the two 
hyperfine levels of the ground state of the cesium-133 atom. 

• The 1990s saw the introduction of GPS-time, and the sale of radio-controlled 
watches, which are accurate to 1 s in a million years. Modern time reckoning is 
still as much committed to cosmology as ancient Greek cosmology, although 
with a shift in emphasis. The General theory of relativity showed that clocks in 
gravitational fields suffer gravitational time dilation. The General theory is a 
theory of the large-scale structures of the universe, which, however, has certain 
limitations. For instance, it cannot explain the chaotic conditions, which govern 
the very earliest part of the universe. Modern quantum cosmology attempts to 
answer some of the questions, which are left open by the General theory. One 
such question concerns the famous ‘arrow’ of time. Any question regarding the 
temporal ‘orientation’ of the universe must be answered by turning to the area of 
quantum cosmology, which attempts to combine the General theory of relativity 
with quantum mechanics (Chap. 4). These areas are highly relevant to a study of 
the ‘march of time’. 

The measurement of time supplies us with many clues as to the nature of time. 
Many prominent thinkers, throughout the ages, have relied on clock time to reveal 
the ‘nature’ of time. Furthermore, a focus on the measurement of time is neutral 
with respect to any preconceptions, which may be entertained with respect to the 
temporality or atemporality of the physical world. It is often asserted that quantum 
mechanics and the theory of relativity ‘prove’ that the physical world is a block 
universe, that only the Parmenidean view is compatible with our fundamental 
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theories. But we should investigate, before we accept this view, which inferences 
we are allowed to draw from scientific theories. The measurement of time involves 
both symmetric and asymmetric aspects, and both aspects are often used to draw 
inferences regarding the nature of time in the light of scientific discoveries. The 
question arises, which inferences we are allowed to draw from these various 
phenomena. 


2.12 On Permissible Inferences from Scientific Theories 


It is very common in the literature to see philosophical inferences about time 
drawn from scientific theories: 

These two ideas of time, the unidirectional and the symmetrical, I have for brevity called 
“one-way” and “two-way” time. In going from the very simple science of mechanics to 
the very complex science of psychology, we must change from two-way to one-way time. 
(...) 

The thesis (...) is that throughout the sciences of physics and chemistry, symmetrical or 
two-way time everywhere suffices. (Lewis 1930, 38) 

But is it really the case that the block universe follows, say, from the Special 
and General theories of relativity and their central notions of relative simultaneity 
and time dilation, as many claim? (Weyl 1921; Godel 1949; Lockwood 2005; 
Petkov 2005; see Weinert 2004, Chap. 4.) Is it really the case that a ‘symmetrical 
or two-way time’, with no trace of an objective passage of time can be inferred 
from many branches of science? In order to tackle these questions it is useful to 
distinguish several types of inferences, which are drawn from scientific theories. 

• Deductive consequences follow from principle theories, like the theory of rel¬ 
ativity and thermodynamics. According to Einstein, principle theories are based 
on fundamental postulates—like the principle of relativity, the light postulate or 
the Second Law of Thermodynamics—from which particular predictions can be 
derived, which are then tested against reality. Given Einstein’s principles, it 
follows deductively from the Special theory that for systems in motion 
mechanical clocks experience time dilation and rods suffer length contraction. 

• Inductive consequences follow from statistical theories, like Darwin’s evolu¬ 
tionary theory or statistical mechanics. If, however, a theory is statistical in 
nature, then it is obvious that all its consequences will be probabilistic too. 
Statistical mechanics affirms that a system is more likely to evolve from ‘order’ 
to ‘disorder’ than in the opposite direction. But exceptions are compatible with 
the statistical regularity, so that the inference follows inductively. 

• But neither stasis nor flux follow either deductively or inductively from the 
theories, with which these views are associated. Neither Parmenidean nor 
Heraclitean views are built into the principles of the respective theories. The 
theory of relativity and statistical mechanics do not include in their principles 
any reference to stasis or flux. Dynamic or static views of time are more 
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philosophical consequences of these theories. So a further type of consequences 
should be considered: Conceptual consequences follow neither deductively nor 
inductively from scientific theories but can be maintained with certain degrees 
of plausibility. That is to say that these conceptual consequences are more or 
less compatible with these theories whilst others are incompatible. For instance, 
a Newtonian notion of universal time would today be regarded as incompatible 
with the results of the theory of relativity. 

Why should such issues be pursued? Firstly, it is important to clarify what 
inferences can be drawn from scientific theories as to the nature of time, space- 
time and the arrow of time. Secondly, the notion of time and associated notions, 
like the anisotropy of time, are of central importance to human existence. Thirdly, 
in the face of certain wide-ranging claims, which are taken to be direct conse¬ 
quences of modern space-time theories, it is important to consider quite generally, 
which claims can be regarded as plausible conceptual consequences. 

One problem in deciding this issue is that scientific theories are complex 
structures, which consists of a cluster of different components: mathematical 
formalisms and models—which ensure a representation of the formalism and built 
a bridge between the mathematical abstraction and the physical reality—as well as 
predictions and observational statements, and philosophical consequences. What 
the models represent are structural features of the systems under consideration. 
The physical world consists of various systems, of various degrees of complexity, 
and the structural models represent these structures. A system consists of a number 
of components—called relata—which are bound into a system by the relations, 
which hold them together. The relations are typically encoded in the laws of 
nature. The solar system is such a system, consisting of planets, satellites and 
moons, orbiting a central sun according to the laws spelt out by Kepler and 
Newton. According to Newton’s explanation, the planets’ orbits are the vectorial 
result of the first law of motion and the law of gravity acting together to keep 
the planets in their orbits. A structural model of this system then represents the 
structural features of a planetary system. There is no claim that every bit of the 
model corresponds to some feature of reality. The claim is only that the model 
structure fits the physical structure of the system modeled. Fit is confirmed by 
observations, measurements and the corroboration of predictions. The conceptual 
consequences of the theories, in which models are embedded, are not necessarily 
confirmed by the fit between model structure and physical structure. There are 
debates—asymmetry versus symmetry, stasis versus flux—which are not subject 
to empirical tests, but subject to plausibility arguments. 

But if that is the case the problem of realism arises. Should we infer, for 
instance, from the impressive predictive success of the Special theory of relativity 
that the underlying model of four-dimensional space—time can claim existence too? 
And hence that the passage of time is a human illusion! There have certainly been 
numerous arguments from the success of such theories to ontological claims about 
the reality of space-time. For instance V. Petkov has claimed that none of the 
observable phenomena of the Special theory would be possible if space—time did 
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not exist. And a static space-time implies the unreality of time. For Petkov 
unobservable space-time exists in its own right as much as the observable pre¬ 
dictable consequences of the Special theory. Such authors go even further and 
claim that the Special theory implies fatalism and the denial of free will (Petkov 
2005; cf. Lockwood 2005). Others have used the block universe to claim that time 
travel into the past is possible, despite the paradoxes it involves (Lewis 1976). 

The problem is that these authors treat claims about the ontology of space-time 
and the unreality of time as deductive consequences from the theory of relativity 
when they are in fact conceptual consequences. As shall be explored in Chap. 3 
alternative models of the Special theory have been proposed, which do not lead to 
these consequences. 

Such conceptual consequences, even if they are only subject to plausibility 
tests, are worth pursuing because scientific theories do include such less testable 
claims. Scientists regularly make claims about the nature of time, based on an 
assessment of how compatible such conceptual consequences are with the estab¬ 
lished facts and theories. One such claim is that time in the physical world does not 
exist and that consequently both the passage and the arrow of time are an illusion. 

It is precisely because of the prevalence of such claims that their compatibility 
or incompatibility with scientific theories should be investigated. Human life is 
intimately related with questions about the nature of time. Whilst in the past Greek 
metaphysics provided answers to such questions, this task has now fallen to sci¬ 
ence and philosophy. Science nowadays is frequently associated with worldviews. 
It is often the case that the results of scientific theories—in particular the results of 
the Special theory: time dilation, length contraction and relative simultaneity; 
quantum theory: especially the symmetry of its fundamental equations and ther¬ 
modynamics: the symmetry of probabilities with respect to time—are presented as 
evidence for the conceptual consequences, especially the atemporality of the 
physical world. This chapter, however, has focussed on considerations of the 
measurement of time, for several reasons. The measurement of time is a ubiquitous 
phenomenon, which touches on all the central issues involved in the discussions of 
the nature of time. The starting point of the measurement of time allows a survey 
of the relevant issues, without prejudice for one particular view. The decision is 
ultimately not one of pure empirical testing. The conceptual consequences are 
simply not material for refutation. The issue is one of degrees of compatibility of 
the amount of empirical data with the two prevailing views: flux or stasis, sym¬ 
metry or asymmetry. 

In this chapter we adumbrated these ideas from the point of view of the mea¬ 
surement of time and its two requirements. In the following two chapters we shall 
consider the conceptual, philosophical consequences of our physical theories in 
greater detail. Chapter 3 will focus on the opposition between flux and stasis, as it 
arises in the theory of relativity. Chapter 4 will consider the opposition between 
the symmetry of the fundamental laws and the asymmetry of the observable world 
around us, as it arises in thermodynamics, statistical mechanics and quantum 
cosmology. When it comes to the notion of time and associated notions, the 
question ultimately boils down to which criteria to choose to interpret the nature of 
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time. If we choose f-invariant theories and relative simultaneity, we are tempted to 
opt for stasis; if we choose asymmetric physical processes and invariant rela¬ 
tionships, we are tempted to opt for flux (cf. Denbigh 1981, Chap. 4, Sect. 5). The 
author will not hide from the reader that an examination of these issues has 
persuaded him of a Heraclitean, temporal view of the physical world. But this 
conviction seems at present a minority view in need of a justification and it is 
worth investigating the reasons why we should favour flux over stasis and 
asymmetry over symmetry. 



Chapter 3 

Flux and Stasis 


3.1 Parmenidean Stasis and Heraclitean Flux 

As discussed in Chap. 2, the measurement of time and its association with 
cosmology furnishes us with many clues as to the ‘nature’ of time. Philosophical 
models of time also provide fundamental insights and theoretical guidance. It is 
generally the case that scientific theories have philosophical consequences 
(Weinert 2004) which, however, are to be distinguished from their deductive and 
inductive consequences. As we shall see in the following chapters, both the 
atemporality and the temporality of the physical world can be inferred from 
scientific theories, if we choose to focus on particular aspects of these theories. 
Scientific theories have predictable consequences—like the behaviour of clocks in 
motion or in a gravitational field—but it does not follow from the path-dependence 
of clocks that the physical world is a block universe. Nevertheless, this is a 
philosophical consequence, which is often drawn from scientific theories like the 
theory of relativity, which will be considered in this chapter. This chapter will 
explore in some detail the distinction between stasis and flux, whilst Chap. 4 will 
investigate the tension between asymmetry and symmetry. 

The origin of the distinction between Parmenidean stasis and Heraclitean flux 
lies in ancient Greek thought. It is echoed in Aristotelian cosmology. The supra- 
lunary sphere is characterized by symmetry and timeless permanence, whist the 
sublunary sphere is marked by asymmetry and flux. In Greek philosophy the 
distinction between Being and Becoming was grounded in metaphysics; today 
the distinction lives on as alternative philosophical inferences drawn from modern 
scientific theories. The opposition between stasis and flux emerged in the works of 
two pre-Socratic philosophers: Parmenides and Heraclitus. Parmenides of Elea 
( 5 a 515-445 B.C.) expressed his views in a poem on nature (ga 485 B.C.), which is 
separated into two parts. The Way of Truth is a treatment of the one fundamental 
unchanging reality; it is the realm of Being. The Way of Seeming is the realm of 
Becoming, of the struggle of opposites, but it is the false way (Cornford 1939; 
Reichenbach 1956, 4-8). The philosophy of Parmenides is characterized by the 
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dualism between Being and Non-Being, between Being and Becoming. Only 
Being is; it is a world of unity, which cannot give rise to a manifold plurality. The 
One, the Absolute does not give rise to Becoming, for Becoming and Decay 
presuppose Non-Being, which is not. Being is therefore unchanging. Change, by 
contrast, is a mere appearance, it is unreal. If time presupposes change, it must 
belong to the realm of changing appearances. It too must be unreal. In Plato’s 
Parmenides, which contains a dialogue about the theory of forms between a young 
Socrates and Parmenides, this Parmenidean opposition between Being and 
Becoming becomes a central feature. 

Heraclitus of Ephesus (550-480 B.C.) denied the reality of the unchanging 
Being and took the world of Becoming to be ultimate. Heraclitus therefore taught 
the doctrine of universal flux, taking the world of becoming, of changing 
appearances as fundamental. Now flux is real and stasis is a mere appearance 
(Kahn 1979; Cornford 1939). For Heraclitus, then, time arises from changing 
events. In his Fragments Heraclitus relates the doctrine of universal flux to cos¬ 
mology. He describes the sun as the ‘overseer of cycles’ (Heraclit 1926, XLII); the 
‘beginning and end are shared in the circumference of a circle’. This formulation 
suggests that Heraclitus has, vaguely, a model of ‘closed’ time in mind. But in this 
world of becoming is this flux constant or chaotic? Heraclitus seems to be aware 
that a universal flux of events cannot simply be one of chaotic fluctuations. For it 
would be impossible to discern any pattern in chaos. But some order exists if the 
beginning and the end are embedded in the circular model of time. For then time 
has a clear topology. Heraclitus is clearly aware of cyclic patterns: the cycle of 
seasons, of life and death, of young and old. Although Heraclitus is famous for the 
statement that ‘everything is in flux’, the flux of events retains some invariant 
structure, even if it is only the struggle of opposites (life and death, mortal and 
immortal, waking and sleeping, young and old), for war is king of all. Thus he 
declares that the ‘world will always be there’, that the way up and the way down 
are the same and that the beginning and the end of a circle are the same. Also a day 
is like any other day but the sun, as the overseer of cycles, is new every day. There 
is some cyclic regularity in this flux of things. We cannot step into the same water 
yet the river is the same (Heraclit 1926, L). His river image suggests that he 
recognizes some constancy within the processes of flux. 

In terms of philosophical views of time, which emerged during the Scientific 
Revolution, Heraclitus clearly defends a relational view of time, which empha¬ 
sizes, as we saw with Saint Augustine, that a regular succession of events is the 
basis of an awareness of time. On the other hand, Parmenides represents an early 
version of idealism about time at least insofar he denies that the underlying reality 
has a temporal dimension. He relegates change to the false Way of Seeming, 
suggesting that change, and hence time, are mere appearances in the eyes of 
sentient beings. 

The Greek opposition between stasis and flux, between Being and Becoming, lay 
the foundation for later oppositions between Idealism, Realism and Relationism 
about time. 
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According to Kant, the outer world causes only the matter of sensation, but our own 
mental apparatus orders this matter in space and time, and supplies the concepts by means 
of which we understand experience. (Russell 2000/1946, 680) 

Idealism about time seems to hold a firm grip on the human mind, for it boasts a 
long pedigree in Western science and philosophy. Two of its major proponents 
were Saint Augustine and Immanuel Kant. 


3.2.1 Saint Augustine (A.D 354-430) 

Chapter 2 showed that Saint Augustine’s metric of time—the mind—fails both the 
regularity and the invariance test. Saint Augustine embraced a psychological 
notion of time, which made his view a subjective idealist view of time. Kant’s 
theory of time is not overtly concerned with a metric; still his notion of time as an 
a priori form of inner sense has the function of securing an objective succession of 
events, which is not dependent on the psychological state of the perceiver. His 
objective idealist view tries to secure regularity and invariance precisely through 
stipulating that time is an a priori form in intelligent sentient beings. But, as we 
saw, Kant has the problem of anchoring the succession of events in processes, 
which lie outside the human mind. Kant hopes to achieve his task by tying the 
notion of succession to a Humean notion of causality, which signifies a ‘before- 
after’ relation between our impressions of external events. But Kant makes cau¬ 
sality a category of the human mind, with the result that he never explicitly 
acknowledges the need for physical time. 

The task of this chapter is to show how Kant’s idealist notion of time came to 
be adopted as a philosophical consequence of modern space-time theories; how it 
occurred that the notion of mind-dependent time seemed to gain support from such 
theories as the Special theory of relativity and quantum theory. But we shall also 
consider whether these theories are compatible with Heraclitean flux. 

In order to mark the contrast between a subjective and an objective idealist view 
of time, recall that Saint Augustine argues from the emergence of time, which 
coincides with the creation of the world, to the measurement of time. He declares 
that ‘there was no time before Heaven and Earth were created’. Before the creation 
of the world, there is only timeless Being: ‘No time is co-eternal with God, 
because God never changes’ (Augustine 1961, Sects. 13-14). In tying the occur¬ 
rence of time to the creation of events Saint Augustine embraces at first a relational 
view of time, suggesting that: (a) before the existence of material events in the 
world, there is no physical time; and (b) the existence of physical time—the 
succession of material events—is a prerequisite for human awareness of time. 
Hence becoming arises with the occurrence of physical events but becoming may 
happen irrespective of human awareness. For Saint Augustine the creation of the 
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physical world culminates in the creation of the first humans, Adam and Eve, 
according to Biblical chronology. Still events occurred before humans could 
observe them. At this stage of his argument Saint Augustine accepts that there is a 
need for physical time and this implies that physical time is not identical with 
human time, since the emergence of physical time, by an act of creation, is a 
precondition of human awareness of time. Saint Augustine does not qualify, which 
events constitute physical time, nor whether their succession is regular or irregular. 
From the existence of the succession of physical events (or physical time). Saint 
Augustine concludes: 

• If nothing had passed, there would be no past time. 

• If nothing were going to happen, there would be no future time. 

• If nothing were presently, there would be no present time. 

In this conclusion the ambiguity between physical time—the ‘before-after’ 
relationship between physical events—and human time—the description of events 
as past, present and future—launches Saint Augustine on the path towards an 
idealist view of time. At the beginning of his reflections, Saint Augustine seems to 
locate time in the changing events of the material world. But in the above passage 
he declares time to reside in the transitions from future to present and past events. 
The language of future, present and past is the language of human time. At this 
moment of transition from the succession of physical events to the passage of time 
from future to past, several philosophical possibilities offered themselves to Saint 
Augustine: 

a. He could have developed his early reflections on the coexistence of time with 
creation into a relational view of time. In Leibniz’s words a relational view 
treats time as the ‘order of succession of events’. Human time (or calendar 
time) is then merely an abstraction from the observation of the succession of 
physical events. 

b. He could have treated time as a physical entity in its own right, as a property of 
the universe, which has the characteristic of passage. Had Saint Augustine 
taken this step he would have reified time, as Newton was later to do in his 
more philosophical reflections. He would have defended realism about time. 

c. But Saint Augustine opts for the subjectivity of time, since he makes the mind 
the metric of time. The problem is, according to Saint Augustine, that the ‘past 
is no more’, ‘the future is not yet’ and ‘the present is without duration’ 
(Augustine 1961, Sect. 15) Saint Augustine mistrusts the regular motion of the 
planets known to the Greeks as a basis for the passage of time. This leaves the 
mind as the metric of time. It is the human mind, which measures time and its 
‘flow’. As time is not objective, the human mind measures the impressions, 
which the passing of external things leaves on the mind. Events pass from 
future to past, through the present and leave traces on the human mind. It is 
these impressions, which the mind measures. Saint Augustine argues from 
objective beginnings of physical time, through the creation of events, to time as 
the extension of the mind (Augustine 1961, Sect. 26). Saint Augustine becomes 
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the founder of psychological time, but he cannot evade the need for physical 
time, since he accepts that there is a succession of events in the physical world 
(Augustine 1961, Sect. 27). 

The severe shortcomings of the psychological notion of time have already been 
pointed out—it lacks both regularity and invariance. Saint Augustine’s vacillations 
stem from the fact that he uses, implicitly, two different notions of time (cf. Sklar 
1992, 18). On the one hand he employs a purely empirical notion of time when he 
speaks of the succession of events, which emerge with the creation of the world. 
But when he addresses the question of the measurement of time he slips into 
psychological language. Humans characterize the anisotropy of time by the pas¬ 
sage from the future through the present into the past. Like other idealists after 
him, he regards time as an extension of the human mind (Augustine 1961, 
Sect. 26). When it comes to the measurement of time. Saint Augustine not only 
defends an idealist view but his idealist view is purely subjective, since he makes 
individual minds, affected as they are by psychological states, the metric of time. 
Such a metric is ultimately useless since it is unable to record the regularity of 
events and to keep ‘records’ of temporal measurements across the individual 
perspectives. From this point of view Kant’s idealist view of time marks an 
improvement because it is idealist and objective. 


3.2.2 Immanuel Kant (1724-1804) 

In Chap. 2 it was observed that Kant establishes a connection between time and 
causality in order to secure the objective sequence of events as it is apprehended in 
the human mind. But Kant never explicitly accepts that his view on time relies on a 
notion of physical time. Kant does not claim that the external, unperceived world 
is a timeless block universe. For him the world in itself is the ‘noumenal’ world of 
which the human mind is ignorant. The world, which appears to the human mind, 
is structured by the a priori apparatus, which exists objectively in the human mind 
and moulds the appearances into objective knowledge. Time and space are pure 
forms of intuition (of the inner and outer sense, respectively). The Kantian view of 
time became extremely influential amongst physicists and philosophers once it was 
associated with the results of the Special theory of relativity. As we shall see, the 
results of the Special theory of relativity were held to lend support to the Kantian 
view of time in the following sense: what Kant calls the unknowable noumenal 
world becomes the knowable space-time world, which is said to exist as a four¬ 
dimensional block universe, relegating the anisotropy of time to a human 
construct. 

The Kantian view of time amounts to an idealist, yet objective view. Kant drew 
a distinction between the temporal order, in which the objects of the external world 
appear to the human mind, and the order of things in the noumenal world, the 
world in itself. Of the latter world humans are ignorant, it is unknowable to them. 
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because the appearances of the external world in the human mind are not mirror 
images of external events. The appearances are structured through the a priori 
apparatus, located in the human mind, of which time is a part. 

If we abstract from our mode of inwardly intuiting ourselves (...) and so take objects as 
they may be in themselves, then time is nothing. It has objective validity only in respect of 
appearances, these being things, which we take as objects of our senses. (Kant 1787, 
B51/A35) 

Since apart from the intuiting subject, time is ‘nothing’, Kant concludes that 

time is therefore a purely subjective condition of our (human) intuition (which is always 
sensible, that is, so far as we are affected by objects) and (...) apart from the subject, is 
nothing. Nevertheless, in respect of all appearances, and therefore of all the things which 
can enter into our experience, it is necessarily objective. (Kant 1787, B51/A35) 

The latter qualification is important to differentiate Saint Augustine’s idealist, 
yet subjective view, from Kant’s idealist, but objective view of time. The difference 
resides in the fact that for Kant the human mind is structured in such a way that the 
appearances become objective knowledge for any human observer. For Saint 
Augustine, however, it is the individual mind, which measures time. For Kant time 
(and space) are pure forms of intuition—they are our mode of representation— 
whilst for Saint Augustine time is simply an individual sensation. The Kantian view 
of time also seeks a third way between the realism of Newton and the empiricism of 
Leibniz. The Kantian position amounts to two claims about time: 

• The affirmation of the empirical reality of time. All objects we experience, we 
experience as temporally ordered. Yet Kant denied, against Leibniz, that time is 
derived from experience, Leibniz proposed an empirical explanation of how the 
notion of human time originates. Men consider that ‘several things exist at the 
same time and they find in them a certain order of co-existence’ (Leibniz 
1715-1716, 230). This is an empirical explanation of human time, not physical 
time. Physical time is the order of succession of events; human time is an 
abstraction from the observation of succession. When men observe ‘this order in 
relation to the successive position of bodies’, they form the notion of human 
time. Kant’s objection to this proposal (Kant 1787, B37-B53) is that the 
experience of objects in spatial and temporal order already presupposes the 
availability of the notions of space and time. We can imagine space without 
objects, but no objects without space. We can also imagine time without events 
but no events outside time. We have no empirical experience of time and space 
per se: ‘they are not objects of experience but ‘transcendental conditions’, which 
make experience possible’ (Capek 1962, 48). Time and space are thus necessary 
conditions a priori of the possibility of experience; furthermore we represent to 
ourselves only one space (Kant 1787, A25) and one time (Kant 1787, A32, 
A189). On this view, time is not a human illusion since it is a structural feature 
of the human mind; it is a human construct, which guarantees the objective 
succession of events for all Kantian observers within the framework of classical 
physics. 
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• The denial of all claims as to the absolute reality of time (and space). Kant 
denies, against Newton, that time exists as an external parameter of the physical 
world or that it is a property of external objects. Newton, at least in his philo¬ 
sophical reflections, regards both time and space as existing independently of 
material objects in the universe. It is for this reason that his notions are called 
‘absolute’. Although Newton was at pains to show that absolute time and space 
could indirectly be inferred from certain thought experiments, he also introduces 
certain important approximations. As Kant points out, absolute time and space 
can be observed neither in themselves (Kant 1787, B56) nor as properties of 
things (Kant 1787, A36). Kant claims that the treatment of time as a cosmo¬ 
logical concept far exceeds our experience. It leads to what he calls antinomies: 
considered separately statements like ‘the universe has a beginning’ and ‘the 
universe is infinite’ can be proved in a consistent way but they are mutually 
inconsistent and Kant thought that there was no empirical way of deciding 
between them. Whilst this line of thought could have been an implicit criticism 
of Newton, it is precisely the association of time with cosmology, which 
inspired much thought about time’s regularity and time’s arrow. Kant’s own 
cosmology (1755) seems to suggest that the universe undergoes an evolution 
from original chaos to present-day order. Yet Kant’s later idealist turn tempts 
him to neglect the notion of physical time, which was present in his cosmo¬ 
logical thinking. As we shall see cosmology has much to say on the question of 
the origin of the thermodynamic arrow of time. 

The Kantian position is difficult to comprehend in part because Kant does not 
explicitly distinguish between human and physical time. Kant observes that if 
humans are deprived of their sensibility, then the representation of time disappears. 
Kant is correct, of course, that with the disappearance of humans the representation 
of human time vanishes. Human time is the conventional division of time into 
subunits, as they appear in diaries and in human calendars. It is the impression of 
the ‘flow’ of time from future to past. Human time also marks certain periods and 
events as important for social life and religious events (Elias 1992). It is clear that 
calendars and clocks did not exist prior to their human inventions and will dis¬ 
appear if humans vanish from this universe. However, the eventual disappearance 
of human time does not imply that natural events are not ordered according to an 
intrinsic ‘before-after’ relationship, irrespective of human awareness. On the 
contrary, as argued in Chap. 2, human time presupposes physical time. But Kant 
focuses on human time. Humans can only have knowledge of the external world 
through an application of the categories and the pure forms of intuition to the 
appearances, the subjective sense impressions; this application transforms sense 
impressions into objective knowledge. In particular a temporal order is produced 
through the application of the category of relation (substance, causality, reci¬ 
procity) to the appearances. However, the category of relation also belongs to the 
a priori equipment of the human mind. 

In order to illustrate this distinction between the ‘before-after’ order of physical 
events and their human apprehension, consider the formation of a (primary) 
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rainbow. It is caused by a double refraction and a simple reflection of a ray of 
sunlight in water droplets (Fig. 3.1). Clearly, this mechanism produces rainbows, 
irrespective of human knowledge. According to Kant it requires human awareness 
of the regularities and conditions involved, to turn this sequence of events into a 
causal story. However, for humans to tell a causal story about the formation of 
rainbows, there must be a sequence of events in the natural world: a light ray hits a 
water drop, is refracted at its surface, reflected and refracted again at the opposite, 
interior side of the raindrop; dispersion then causes the widening of the ray into a 
sequence of colours from red, orange, yellow, green, blue, indigo and violet (from 
outside to inside) in the rainbow. Only on the basis of the order of physical events 
can the causal mechanism be comprehended. 

The human intellect has developed the ability to construct temporal relations 
between events, just as the human eye can perceive rainbows and the human ear 
can hear symphonies. Material objects do not possess the secondary properties, 
humans ascribe to them. We perceive the colours of the rainbow, when the light 
rays get refracted and reflected in the water drop; we perceive sound waves as 
music and we experience the succession of events as the passage of time. Material 
objects do not carry dates and do not possess properties like 'pastness’, ‘pres¬ 
entness’, and ‘futurity’. But these properties only refer to human time and reveal 
nothing about the existence of physical time. The application of the Kantian 
categories of substance, causality and reciprocity to the appearances presupposes 
the existence of events as part of the antecedent material conditions in the world. 
The relation of succession, the ‘before-after’-relation between events, is inde¬ 
pendent of our perception of succession. In this sense, physical time will not 
vanish with the disappearance of human awareness. The evolution of the dinosaurs 
happened before their disappearance. But without the application of a metric of 
time, it cannot be known how much time passed between the emergence of 
dinosaurs and their eventual demise. Nevertheless, there exists a genuine ‘before- 
after’ relation between these events. Thus the Kantian position suffers as much as 
Saint Augustine’s position from a failure to recognize the need for physical time. 
The idealist views, whether subjective or objective, amounts to the refusal to 
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accept the order succession of material events as constituting physical time. It is to 
Leibniz’s credit to have clearly distinguished between human and physical time. 
Nevertheless, the Special theory of relativity is taken by many to support the 
Kantian idealist view of time. 


3.2.3 John McTaggart (1866-1925) 

A similar conflation of physical and human time dominates McTaggart’s famous 
‘proof’ of the unreality of time. Although Saint Augustine and Kant do not deny 
the passage of time, they tend to focus on its reflection in the human mind. 
McTaggart similarly only accepts time as a human conception and refuses to 
acknowledge the existence of physical time. As is well-known McTaggart intro¬ 
duced a distinction between the A-series and the B-series. The A-series refers to 
human time since it essentially involves the notions of past, present and future. 
The B-series refers to physical time, since it essentially involves the notion of a 
succession of or a ‘before-after’ relation between events. McTaggart claims that 
the passage from future to past is essential for the existence of time. Like Saint 
Augustine he locates the passage of time (change) in the A-series for in the 
A-series the ‘now’ seems to move from future to past, through the present stage. 
McTaggart’s A-series is focused on the ordinary view of time, so well captured by 
Saint Augustine, that for time to pass the Now must be on the move. He sees the 
B-series as a mere juxtaposition of temporal points, like beads on a piece of string, 
which succeed each other without any sense of passage. The B-series is charac¬ 
terized by total stasis. If, in the B-series, an event E,—the construction of the 
pyramids—is before an event E 2 —the building of the Eiffel tower, then its place in 
the B-series is permanent. Whatever happens, E] will always be before E 2 . So, 
according to these assumptions, if there is time—flux—it has to be located in the 
A-series. 

Positions in time, as time appears to us prima facie, are distinguished in two ways. Each 
position is Earlier than some and Later than some of the other positions (...). In the second 
place, each position is either Past, Present, or Future. The distinctions of the former class 
are permanent, while those of the latter are not. If M is ever earlier than N, it is always 
earlier. But an event, which is now present, was future, and will be past. (McTaggart 1927, 
9-10; cf. Savitt 2001) 

Thus McTaggart holds that genuine change only occurs if there is a moving 
Now, i.e. if events change their A-properties. ‘E is in the future’ becomes ‘E is in 
the present’. But the A-series is involved in a vicious circle. Consider an event E. 
This event may still be in the future from the present point of view but as the Now 
moves, the event will move closer to the present and eventually recede into the 
past. It is like the sound save, which illustrated Saint Augustine’s image of tem¬ 
poral impressions. We see an event some distance away but as sounds travels more 
slowly than light the sound of the event is still future when we perceive the event. 
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As the sound approaches our ears, it becomes less future and then recedes even 
more into the distant past. But according to McTaggart temporal properties, like 
‘E is in the future’, ‘E is in the present’, ‘E is in the past’, are mutually exclusive, 
yet an event must possess many, if not all of these A-properties. We have no 
difficulty in affirming that some object, O, was blue yesterday, but will be green 
today and yellow tomorrow. McTaggart does not seem to regard pastness, pres¬ 
entness and futurity as ordinary properties of objects, since ordinary properties do 
not involve us in contradictions. McTaggart claims, however, that the flux in the 
A-series means that events must possess the A-determinations, which they cannot 
possess on pain of inconsistency. Consider any event, E, at any moment in time. 
There will always be a time, t, when this event is present. But at time t_] it is past 
and at time t +1 it is future. Hence McTaggart concludes that any event E must 
acquire the A-determinations t, t +1 , t_, but ‘since A-properties are mutually 
exclusive no event can have more than one’ (Savitt 2001, Sect. 2.2). Hence the 
A-series is involved in a contradiction—an event cannot possess these mutually 
exclusive temporal properties, yet it must possess them all (since a future time will 
become a present and past etc.). From this inconsistency in temporal properties, 
McTaggart infers that time is unreal. The B-series involves no genuine change, by 
this stipulation. But the A-series, which has the potential for genuine change—the 
motion of Now—is involved in a vicious circle. Thus McTaggart argues from 
properties of human time to the ontological claim that all time is unreal. 

Much ink has been spilt over these verbal summersaults, but it could hardly be 
expected to ‘prove’ the unreality of time (cf. Horwich 1987, Chap. II; Schlesinger 
1980, Chaps. II, III; Seddon 1987; Dainton 2001, Chap. Ill; Dyke 2002; Savitt 
2001; Lockwood 2005, Chap. I). It is not the author’s intention to review these 
arguments. But it is important to observe that McTaggart makes several crucial, 
yet unjustified assumptions. (A) He assumes that the Now must move from the 
future into the past for there to be genuine change, although ordinarily we do not 
think of the metaphorical moving Now as constituting genuine change. Even if 
McTaggart is right that the moving Now conception is inconsistent (Horwich 
1987, Sect. II.2) this does not show that time is unreal. (B) He also assumes, 
without argument, that the B-series must be static because the events on the 
B-series are ordered according to the ‘before-after’-relation. He does not even 
consider whether the B-series could be dynamic, whether B-properties are suffi¬ 
cient to constitute time (Dainton 2001, Chap. II; Schlesinger 1980, Sect. III. 1). 
As we shall see it is not necessary to argue that (space-) time is static; on certain 
interpretations space-time is dynamic. (C) He pays no attention to the results of 
classical physics, to thermodynamics, cosmology or the theory of relativity. These 
central areas of physics have much to say on the old Greek opposition of flux and 
stasis, on the question of symmetry and asymmetry, and on the origin of the arrow 
of time. Perhaps surprisingly, much of modern physics revisits this time-honoured 
opposition because such philosophical consequences belong to the wider fabric of 
physical theories, although not to the core. But like much of the idealist tradition, 
McTaggart ignores physical time. At the opposite end of the philosophical spec¬ 
trum lies realism about time—it makes time a parameter of the physical universe. 
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So although Newton was concerned with absolute space and time, in practice he made use 
of (the) relativity principle, (Shallis 1983, 39) 

As has just been observed, to be an idealist about time means to regard time as a 
concomitant of the mind (cf. Lucas 1973, Pt. I, Sects. 1-2). This idealist account is 
often associated with the Parmenidean view that physical reality itself is timeless. 
To be a realist about time means to regard time, in some sense to be specified, as a 
parameter of the physical universe. For the realist, time cannot be reduced to, say, 
the succession of events. It exists in its own right over and above the passage of 
events. Time possesses an independent physical reality, irrespective of whether 
humans observe it or not. The relationist stands between these opposites. Rela- 
tionism about time means to regard time as the order of succession of events. Time 
is grounded in the succession of events in the physical universe. 

These various philosophical positions can be accommodated, perhaps surpris¬ 
ingly, to the findings of modern science. This suggests, as stated before, that these 
philosophical views about time may be regarded as conceptual inferences from 
various scientific results; it also suggests that conceptual views about time, even 
when they are embedded in profound scientific theories, are underdetermined by 
the empirical data. This section considers realism about time in more detail. 


3.3.1 Isaac Barrow (1630-1677) 

The most prominent defenders of realism in classical physics were Isaac Barrow 
and Isaac Newton. Barrow was Newton’s predecessor in the chair of mathematics 
at Cambridge University and influenced the latter’s famous views on mathematical 
time. For reasons similar to Aristotle and Saint Augustine, Barrow denies any 
identification of time with motion or rest. For the problem is to know how the 
planets trace their orbits in equal intervals of time. Time implies neither motion 
nor rest. Barrow regards time as absolute and intrinsic: ‘time pursues the even 
tenor of its way’ (Barrow 1669). Nevertheless, when it comes to the measurement 
of time, he finds it necessary to associate time with some motions: 

(...) time is commonly regarded as a measure of motion. Clearly, just as we measure 
space, first by some magnitude, and learn how much it is, later judging other congruent 
magnitudes by space, so we first reckon time from some motion and afterwards judge 
other motions by it (...). (Barrow 1669, quoted in Gunn 1930, Sect. III.3, 55) 

Thus, less regular motions are measured by more regular motions, in a process 
of triangulation: 


Thus time is itself a quantity (...). In order to determine time, or more exactly to measure 
it, we must choose some mobile which, as far as concerns the periods of its motion, keeps 
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constantly an equal impulse and covers an equal distance. (Barrow 1669, quoted in Gunn 

1930, Sect. III.3, 54) 

Thus Barrow concedes that absolute and intrinsic time is not observable and 
cannot be measured on its own. Just like Newton after him, he finds it necessary to 
approximate ‘absolute’ time to some physical process, which then serves as an 
approximate clock to measure events. In the case of space, a particular bar, now 
kept in Paris, may be declared to be the standard of a metre. Once this standard has 
been laid down, all other spatial distances are measured in terms of it. But, as 
Wittgenstein observed, the Parisian standard metre is the only piece of length of 
which we can neither affirm nor deny that it is 1 m long. We simply use this ‘space 
to estimate other magnitudes commensurable with the first’. Barrow suggests, like 
Locke after him. that a similar procedure be used in the case of temporal mea¬ 
surements. We are free to choose any process with sufficient periodic regularity— 
be it a pendulum or a planetary orbit—to serve as a clock. This clock is then used 
‘to estimate other magnitudes commensurable with the first’. What is very 
important in this connection, as Barrow realized, is that these spatial and temporal 
standards can then be improved. If we ‘compare motions with one another by the 
use of time as an intermediary’, we may find that our standard clock is not precise 
enough. Consider a 100-m race at the Olympic Games. It is possible, by mere 
observation, to establish that the fastest runner is ahead of slower runners by a 
fraction of distance. It is often impossible to observe, with the naked eye, who of 
two runners crossed the line first. But if two runners are very close to each other, 
even an ordinary wristwatch may not tell us by which fraction of time the winner 
won the race. There is clearly a need for a more precise timepiece, without which 
many sport events today could not be measured. It may then become necessary to 
choose some other magnitude as a new basis for the measurement of time. In the 
history of time reckoning these adaptations happened in several stages. As dis¬ 
cussed, in the 1950s the rotation of the Earth was replaced by ephemeris time 1 as 
the fundamental timekeeper. In 1967 the definition of the ‘second’ in terms of 
celestial clocks was replaced by the definition of the second as 9,192,631,770 
periods of the radiation corresponding to the transition between the two hyperfine 
levels of the ground state of the cesium-133 atom. Barrow’s notion of time then 
consists of (a) a philosophical thesis, according to which time is absolute and (b) 
an empirical thesis, according to which this abstract notion must be grounded in 
some regular periodic process in the physical world. If physicists need approxi¬ 
mations to ground their notion of time, the question arises why they need absolute 
time. Newton’s physics furnishes some answers to this question. 


1 Ephemeris time (1956) supplied a new definition of the second, from 1/186400 of the mean 
solar day (a definition of mean solar second according to the daily rotation of the Earth) to 
1/31556925.9747 of the tropical year in 1900 (a definition according to the annual rotation of he 
Earth around the sun). As the tropical year is variable, this definition was replaced in 1967 by 
atomic time standards. 
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3.3.2 Isaac Newton (1642-1727) 

In order to carry out his experiments, Galileo introduced the parameter t into 
physics, which expresses clock time. Clock time expressed the time, which elapsed 
between two events in his inclined-plane experiments, as measured by the amount 
of water, which had flown from a suspended bucket. It also appears as one of the 
physical parameters, which enter into relations like L ex t 2 . But Galileo drew no 
further philosophical conclusions about time. Newton introduces his notion of 
absolute time as a fundamental notion in his theory of motion. It is a mathematical 
concept of time, which came to provide the foil to Leibniz’s relational view and 
the backdrop to Einstein’s Special theory of relativity. Newton’s notion of 
mathematical time displays the same duality of a conceptual and an empirical 
element as Barrow’s notion of time. In order to appreciate his philosophical 
commitment, it is important to note that Newton in his Principia (1687) defines his 
notion of mathematical time before his introduces his equations of motion. 

Throughout his career Newton made various pronouncements on the nature of 
time and space, which provoked hostile reactions from Leibniz and modern 
commentators. In particular in his later years, theological considerations appear 
alongside physical and philosophical ideas. Thus, in his General Scholium, added 
to the second edition of the Principia (1713), he declares that ‘the discourse [of 
God] from the appearances of things does certainly belong to Natural Philosophy’ 
(Newton 1960, 546). In the same Scholium Newton seems to make God the 
originator of time and space: 

He is not eternity and infinity but eternal and infinite; he is not duration and space, but he 

endures and is present. He endures forever, and is everywhere present; and by existing 

always and everywhere, he constitutes duration and space. (Newton 1960, 545) 

In his Opticks (1706), Newton declares that ‘space is God’s sensorium’. Such 
pronouncements seemed only to confirm Leibniz’s impression that notions like 
absolute time introduced unwanted metaphysical speculations into physics. The 
Austrian physicist and philosopher Ernst Mach (1838-1916) accused Newton of 
having fallen under ‘the influence of medieval philosophy’, thereby forsaking his 
‘empiricist principles’ (Mach 1976, 227, 222; cf. Dainton 2001, Chaps. 10-11; 
Earman 1989, 6). As Newton professes his firm commitment to empiricism in his 
Principia (Newton 1960, 398-400, 546-547), these attacks appear at first to be 
without foundation. But we should interpret them as highlighting a potential 
tension in Newton’s views between the philosophical and the empirical compo¬ 
nents of his mathematical notion of time. Barrow had realized that the notion of 
time in science must refer to measurable time. Just like his predecessor Barrow, 
Newton sets out to define a notion of time, which does not suffer from the errors 
and misconceptions of our ordinary notions of time and space. If Newton was 
committed to empiricism, we should ask what conceptual role the notions of 
absolute time and space play in his theory of mechanics. Newton observes that the 
‘common people conceive such quantities as “time”, “space” “place” under no 



102 


3 Flux and Stasis 


other notions but from the relation they bear to sensible objects’ (Newton 1960, 6). 
Leibniz was later to suggest that human beings construct their notions of time and 
space precisely from the experience of the co-presence and the succession of 
material events in the physical world. But for Newton ordinary, everyday notions 
are too imprecise to do the conceptual job they are supposed to do in his theory of 
mechanics. Newton proceeds to define his notions in an absolute sense: 

• Absolute or mathematical time is defined as duration without any reference to 
material events or objects in the surrounding world. 

Absolute, true, and mathematical time, of itself, and from its own nature flows equably 
without regard to anything external, and by another name is called duration: relative, 
apparent, and common time, is some sensible and external (whether accurate or 
unequable) measure of duration by the means of motion, which is commonly used instead 
of true time; such as an hour, a day, a month, a year. (Newton 1960, 6) 

It is called absolute time precisely because it would exist even in an empty 
universe or before its creation. Newton’s characterization of absolute time as 
immaterial clearly marks a difference with Saint Augustine who makes the crea¬ 
tion of time coextensive with the creation of the material universe. Absolute time 
is also universal time because clocks tick at the same rate for all potential 
observers in the universe. 

One immediate concern, which relationists have voiced and of which Newton was 
aware, is that absolute time is not directly observable. In order to illustrate absolute, 
universal time Newton quickly introduces the pendulum clock, Jupiter’s satellites 
and the fixed stars as approximations to his notion (Newton 1960, 6; Toulmin 1959, 
16-17; Strong 1957; cf. DiSalle 2007, Sect. 2.4). This approximation supplies the 
empirical elements in his notion of mathematical time. But these approximations are 
really what Newton calls 'relative or common time’, because they depend on some 
‘sensible and external measure of duration by means of motion’. 

• Absolute space is defined as immovable space with no relation to anything 
external. Like absolute time, it would exist without any material substance in the 
world. 

Absolute space, in its own nature, without regard to anything external, remains always 
similar and immovable. Relative space is some movable dimension or measure of the 
absolute spaces; which our senses determine by its position to bodies; and which is 
vulgarly taken for immovable space; such is the dimension of a subterraneous, an aereal, or 
celestial space, determined by its position in respect of the earth. Absolute and relative 
space, are the same in figure and magnitude; but they do not remain always numerically 
the same. For if the earth, for instance, moves, a space of our air, which relatively and in 
respect of the earth remains always the same, will at one time be one part of the absolute 
space into which the air passes; at another time it will be another part of the same, and so, 
absolutely understood, it will be perpetually mutable. (Newton 1960, 6) 

Again Newton introduces as an approximation the fixed stars. The fixed stars 
could serve both as an illustration for absolute time and for absolute space because 
(a) they seem to perform an apparent 24-h rotation around the Earth from east to 
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west; (b) in both the geocentric and the heliocentric worldviews, the fixed stars could 
be regarded as the ‘outer’ limit of space, as the ‘walls’ of a cosmic container. This 
‘wall’ is to be understood as a practical limit, since Newton’s universe is infinite in 
space and time. For Newton the stars serve as fixed stellar landmarks for spatial 
references. These approximations are really what Newton calls ‘relative space’, by 
which he means ‘some movable dimension or measure of absolute spaces’. 

• Absolute motion is the translation of a body from one absolute place into 
another, whilst relative motion is the translation from one relative place to 
another. Absolute motion is the displacement of a material object, not with 
respect to another material object in its vicinity, but with respect to the ‘walls’ of 
the cosmic container (Fig. 3.2). 

Whilst Newton illustrates these notions by the analogy of a ship moving 
westwards on the eastwards moving Earth (Newton 1960, 7; cf. Weinert 2004, 
115-116), we can visualize his notions by imagining again a container, which has 
only two ‘intelligent’ molecules as inhabitants. Their problem now is not only how 
to position themselves within their container but also to break their random 
motions so that they can arrange meetings at prearranged times. Their motions 
with respect to each other are relative motions; but if in addition they can refer to 
coordinate axes painted on the inside of the container, they can position them¬ 
selves with respect to ‘absolute’ space. In reality they position themselves with 
respect to ‘relative’ space because they must use some ‘measure’ of absolute space 
in the form of a coordinate system. But how do they arrange their meetings, if they 
do not want to rely on pure chance? In the absence of any external measure this 
task seems impossible to complete. Our intelligent molecules must find some fixed 
markers and some ‘movable dimension or measure of absolute time’ in the form of 
a clock, which again constitutes relative motion in Newton’s terminology. As 
observed in Chap. 2, Newton moves from an idealization to an approximation, for 
he needs some ‘sensible, external measure’ to ‘true’ time and space. 

So what is the purpose of these absolute notions? In order to answer this question 
we have to turn from Newton’s philosophy of time to his theory of mechanics. It has 



Fig. 3.2 Illustration of absolute space and time. The ‘intelligent’ molecules are free to define 
absolute space and time in Newton’s sense but they must use sensible approximations—relative 
space and time, in Newton’s words—to orient themselves in their container universe 
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already been shown that the absolute notions satisfy the criteria of regularity and 
invariance for the purpose of measurement. But the notions of time and space are 
also essential in Newton’s laws of motion. The latter make essential reference to 
notions like ‘state of rest’ ‘rectilinear motion’, ‘constant speed’. Newton’s absolute 
notions define a reference frame with respect to which the motion of a body is 
‘uniform’ and follows ‘a straight line’. A line on Earth is straight for a surveyor’s 
purposes but not from the point of view of a cosmic observer who sees the Earth’s 
curvature. And Newton extends his suspicions regarding the relative notions of the 
‘common people’ to the uniformity of the motion of the Earth. Newton points out 
that there may be no uniform motion in the universe, ‘whereby time may be 
accurately measured. All motion may be accelerated and retarded’ (Newton 1960, 
8). Newton’s suspicions were not unjustified for it is known today that there are 
variations in the Earth’s rotation: (a) due to tidal friction, the Earth is slowing down 
at such a rate that the length of the day increases by about 0.001 s in a century; (b) 
due to seasonal changes: in the early part of the year the Earth rotates at a slower 
than average rate, and more quickly in the autumn (0.001 s deviation in either 
direction from the average value); (c) due to gradual random changes on account of 
changes in accelerations, deviating in both directions from the average, amounting 
to accumulated errors of 30 s over two hundred years; (d) due to the non-coinci¬ 
dence of the rotational axis of the Earth with the geometric axis, which leads to 
variations of approximately 1 s/year (see Clemence 1952, 264-266; Born 1962, 
Sect. III. 1; Sexl and Schmidt 1978, 28). Although Newton was not aware of such 
inaccuracies in the rotation of the Earth, he suspected that physical motions may not 
be as regular and invariant as he required for his laws of motion. He therefore 
introduced his notions of absolute time and space as theoretical constructs, which 
allow to abstract from the inaccuracies and to offer an idealized model of time and 
space. Newton’s laws of motion hold in so-called inertial systems, which are either 
at rest, relatively speaking, compared to others or are moving uniformly with 
respect to those at rest or to other uniformly moving systems. In these systems the 
ticking of clocks must be regular and invariant and these requirements will not be 
met if physical systems never move truly inertially. 

As Newton is suspicious of all relative motions he is at pains to distinguish 
relative from ‘true’ motions. But his empiricist credentials oblige him to look both 
at the causes and the effects of ‘true’ motions, compared to relative motions. He 
appeals to the forces exerted on bodies to generate motions as the causes, and 
holds that they distinguish absolute from relative motions (Newton 1960, 10). 
Only true motions experience forces that generate motion. A cue ball which hits a 
billiard ball or an engine which pulls a train out of a station both exert a force on a 
body, which generates true motion. Relative motion can be generated without any 
force being impressed on a body if it is compared to some other body, on which a 
force is exerted. For instance we get the impression that our stationary train is 
moving simply because a train on the neighbouring track, pulled by an engine, is 
leaving the station. 

True and relative motions can also be distinguished by their inertial effects. 
Absolute velocities have no observable effects but accelerations do, according to 
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Fig. 3.3 Newton’s bucket 
thought experiment— 
‘detection’ of absolute 
motion through observable 
effects in a rotating water 
vessel. Centrifugal forces 
drive the water up the wall of 
the vessel (cf. Born 1962, 79) 



Newton’s thought experiments. The famous bucket experiment attempts to show 
that only absolute circular motions produce centrifugal forces—the forces receding 
from the axis of circular motion—while relative circular motions do not. Newton’s 
bucket experiment is an attempt to illustrate that mathematical concepts like 
absolute space, time and motion make sense. This thought experiment is inspired 
by Newton’s empiricism. Although Newton grants that such entities as absolute 
space, time and motion cannot be directly observed, he considers that they have 
conceivable indirect observable effects. The bucket experiment is concerned with 
the question whether absolute motion—in this case absolute acceleration—can be 
detected. If the answer is ‘yes’ then an inference can be made, so Newton claims, 
to the notions of absolute space and time. 

Consider the behaviour of water in a bucket, which is made to rotate (Fig. 3.3). 
Newton’s intention was not to ask why the water began to rotate in the bucket and 
form a concave surface. Newton’s thought experiment serves another purpose. 
Newton’s intention was to ask with respect to which reference frame the water 
rotates in the bucket. His argument can be broken down into a number of steps, 
which lead to a certain inference regarding the nature of time and space (Newton 
1960, 11): 

1. Hang a bucket, half filled with water, from a cord and twist it. The cord is then 
released so that the vessel begins to rotate but the water, at first, remains still. 

2. Eventually the water in the vessel begins to rotate and slowly adopts a concave 
shape. The water now moves relatively with the respect to the wall of the vessel. 
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3. Eventually vessel and water acquire the same angular velocity. As they rotate in 
unison, there is no longer any relative motion of the water with respect to the 
bucket. 

4. Then the vessel is suddenly stopped but the water continues to rotate. The water 
retains relative motion with respect to the vessel. 

5. Newton concludes that the relative motion does not produce the centrifugal 
effect. The relative motion does not tell with respect to which frame the water 
rotates. 

6. The relative motion of the water surface with respect to the vessel changes 
continuously between the beginning and the end of the rotational period so that 
the concave shape of the water surface cannot depend on relative motion. 

7. The concave shape of water, Newton infers, depends on the absolute rotation of 
the water and absolute rotation is rotation relative to ‘absolute’ space. 

More generally, Newton draws the following inferences from the bucket 
experiment 2 : 

Centrifugal forces constitute absolute acceleration. 

But absolute acceleration is acceleration with respect to absolute space, and by 
implication, to absolute time. 

Both absolute time and space are privileged reference frames. 

We have followed Newton’s journey from his philosophical reflections on time 
and space to his theory of mechanics in order to understand his scepticism towards 
the relative notions of the ‘common people’. The axioms of motion require a 
notion of time, which is both absolute—independent of physical motion, which 
may be irregular to an unknown degree—and universal, such that it applies equally 
to all inertial reference frames throughout the universe (see Whitrow 1980, 34 Fn). 
But at the same time, Newton is obliged to consider approximations to his absolute 
notions in the physical world. These approximations are as close as possible to the 
idealized models of inertial motion. As Newton concedes in his Principia: 
‘because the parts of space cannot be seen or distinguished from one another by 
our senses, therefore in their stead we use sensible measures of them’ (Newton 
1687, Scholium, 8). 

There exists therefore a tension in Newton’s mathematical notion of time 
between the conceptual and the empirical components. The notion of absolute 
space and time are unobservable theoretical constructions, ideal models, to which 
approximations in the real world must be sought. Newton’s laws are concerned 
with changes that occur to material objects over periods of clock time, rather than 
absolute time. Clock time must be measured by material systems, based on some 
regular and invariant periodic process. Hence, Newton’s mechanics is more 


2 The literature on the bucket experiment is vast—see for instance Toulmin (1959, 27-29), 
Jammer (1960, 112), Bom (1962, 78ff), Mach (1976), Burtt (1980, 255), Tipler (1982, 103), Sklar 
(1992, 22-23), Cao (1997, Sect. 4.3), Barbour (1999, 62ff), Rynasiewicz (2000) and DiSalle 
(2007, 32-33); Maudlin (2012, 17-23). 
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relational in spirit than his ‘philosophical disquisitions’ would allow (see Lucas 
1973, Sect. 30; Shallis 1983, Chap. 1; Kronz 1997, Sect. 3; Healey 2002, 293). 

He (Newton) was unhappy with the relativity of motion, even though it is a logical 
consequence of his equations, and to escape it he postulated the existence of "absolute” 
space, with respect to which true rest and motion are defined. (Wilczek 2008, 5) 

Before the relational view of time is discussed, the representation of Newton’s 
system of mechanics in terms of space-time diagrams must be examined. 
Newton’s mechanics is committed to the Galilean principle of relativity, which has 
implications for the representation of Newtonian reference frames. The simple 
Newtonian ‘space + time’ diagram must be replaced by models of Newtonian and 
neo-Newtonian (Galilean) space-time. 


3.3.3 Newtonian and Neo-Newtonian (Galilean) Space-Time 

According to Newton both space and time are absolute and independent of each 
other so that a representation in terms of a space-time model should be a 
Newtonian ‘space + time’ diagram (Fig. 3.4). In terms of such a space-time 
model all observers agree that two events are simultaneous, irrespective of inertial 
motion. However, Newton’s laws of motion obey the Galilean relativity principle, 
which has the consequence that Newtonian space-time models must be modified 
to become Neo-Newtonian or Galilean space-time models. According to the 
Galilean relativity principle all inertial reference frames are equal from a physical 
point of view so that these systems (and their objects) obey the same laws of 
motion, irrespective of whether the system is considered in inertial motion or at 
rest. In a famous thought experiment Galileo illustrated the equivalence of inertial 
systems. He imagined that in a cabin below the deck of a large boat a sailor 
observes the flight of insects and the behaviour of ‘fish in a bowl’. From the 
behaviour of these creatures the sailor will not be able to determine whether the 
boat is at rest or in inertial motion (Galilei 1953, 199-201). Similarly, a passenger 
on a constantly moving train will write a letter in the same way as a waiting 
passenger on the platform. Further, both will agree that they have lunch at the 
same time, according to their synchronized clocks. But they will not agree that 
their lunch takes place ‘at the same place’, since the train-bound passenger is in 
constant motion with the train. The idea of an absolute space, as a fixed spatial 
reference coordinate, is not compatible with Galileo’s relativity principle. From 
their actions neither sailor nor train passenger can determine whether they are in 
motion or at rest. 

The relativity principle means that absolute motion cannot be detected, a 
phenomenon with which we are familiar since we can drink coffee on a constantly 
moving train as comfortably as the passenger on the platform. However it means 
that absolute rest cannot be detected either; in other words the relativity principle 
implies that absolute space is undetectable. But then there cannot be any absolute 
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Fig. 3.4 Newtonian space- 
time includes fixed time and 
space axes as well as fixed 
simultaneity planes. The 
dashed lines indicate 
‘sameness of place at 
different times’. It also 
assumes instantaneous 
propagation of causal 
influence 



spatial measure between the simultaneity planes—the layers of Now. There is no 
frame-independent way of defining sameness of place at different times. In 
Neo-Newtonian space-time, therefore, absolute space disappears (Fig. 3.5). There 
are only different systems, which are either at rest or move inertially with respect 
to each other. It is still possible to refer different spatial locations to the same 
temporal axis because absolute time has not been banned from Neo-Newtonian 
space-time. According to the classical physicist, observers in two different 
reference frames, moving uniformly relative to each other, will assign different 
space-coordinates but the same time-coordinate to the same event. Time had an 
absolute sense in classical physics, it flowed ‘evenly’ according to Newton. Even 
though the invariance of absolute space has vanished, the invariance of absolute 
time remains. To determine their motion according to Newton’s laws, all observers 
can assume that their clocks tick at the same rate. This means that the simultaneity 
planes are invariant for all observers—hence all observers agree that two events 
are simultaneous, irrespective of their inertial motion. This situation will change in 
the theory of relativity. 

Fig. 3.5 Neo-Newtonian 
space-time. There is still a 
fixed time axis in neo- 
Newtonian (or Galilean) 
space-time but inertial lines 
cross the simultaneity planes, 
making it impossible to 
determine 'sameness of 
place’ at different times, 
except for a stationary 
observer who does not 
change location 
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Absolute space can therefore be regarded as an idealization in Newton’s phi¬ 
losophy. He believed that it was required for the laws of motion. As we shall see in 
due course the ‘absoluteness’ of time can also be dispensed with; it is another 
idealization, which Newton makes. It is an idealization, which in practical terms 
nevertheless calls for approximations in terms of real physical clocks. Hence the 
laws of motion, which Newton formulates, refer to models of the real world. And it 
is these models, which are required to capture the structure of the physical world 
they model. The idealizations, involved in the models, are then illustrated by 
empirical approximations, like the periodic regularity of the Jupiter moons or the 
‘fixed’ stars. 

The Galilean relativity principle, which applies to Newton’s mechanics, relin¬ 
quishes the need for ‘absolute’ space and makes Newton’s mechanics more relational 
than his philosophy would allow. But the notion of ‘absolute’ time remains because 
‘all other aspects of Newtonian space-time are preserved’ (Dainton 2001, Sect. 12.2; 
cf. Kroes 1985, 69-77; Norton 1992, 1996). It is also factually correct that 
mechanical clocks of inertially moving observers, at non-relativistic speeds, show no 
time dilation effects. With the abandonment of absolute space and the retention of 
absolute time what emerges are ‘neo-Newtonian or Galilean space-time’ diagrams 
(Fig. 3.5). The laws of classical mechanics are invariant with respect to the Galileo 
transformations: 


• As the clocks tick according to the same rate in both coordinate systems, the 
following relation holds: t — /. 

• The spatial coordinates for a particular point in both systems change due to the 
motion of one system with respect to the other system, along x in time t. 
The change is governed by the following relations: 


x = x — vt 
x = x + vt 

y'=y 
z = z 


(3.1) 


The ‘absoluteness’ of time, which is retained in Galilean space-time, is more 
suitably termed the ‘universality’ of time. As discussed in Chap. 2, Newton and 
Leibniz disagreed about whether the ‘universe has a clock’ or whether the 
‘universe is a clock’ but they agreed on the universality of time. In terms of 
Galilean space-time this universality means that all inertially moving observers 
agree that their clocks tick at the same rate, irrespective of their position or motion. 
This universality assumption is called into question in the theory of relativity. 

Reactions to Newton’s concepts of absolute space and time have occupied 
minds ever since and have led to modern schools of thought: substantivalism and 
relationism about space-time, discussed briefly at the end of the chapter. The 
reactions can be divided into two camps: 
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1. The concepts of absolute space and time were dismissed by some of Newton’s 
contemporaries as an unobservable and superfluous occult superstructure. ’ The 
later Newton even burdened these notions with theological connotations. There 
is a tension between Newton’s philosophy of time and space and the empiri¬ 
cism, which pervades his theory of mechanics. It is useful to remember the 
problem-situation, in which these notions were first introduced in the Principia 
and to consider the conceptual task they were meant to perform. This task is 
thrown into sharp focus by a rational reconstruction of Newton’s views as 
idealized theoretical constructs, needed for a solution of the dynamical prob¬ 
lems. This reinterpretation is more in line with Newton’s avowed empiricism 
than his presumed ‘mysticism’. Nevertheless, the perception of Newton’s 
concepts as a metaphysical burden led to an important alternative: the relational 
theory of time. The beginnings of the relational theory of time can be traced to 
Saint Augustine but G. Leibniz was the first philosopher to work it out sys¬ 
tematically. The view was later explicitly defended by E. Mach but ironically it 
makes an implicit appearance in Newton’s mechanics. This relational alterna¬ 
tive is important because it denies one of the assumptions that Newton makes: 
that time and space are independent entities in the physical world, which have 
no grounding in the behaviour of material objects. Once the notions of space 
and time became merged, as a result of Minkowski’s geometric representation 
of the theory of relativity, the question of the absoluteness of space and time 
mutated into a query regarding the ontology of space-time. The doctrine that 
space-time is a substratum underlying the observable events has become 
known as space-time substantivalism. The view that space-time consists of a 
network of material events has become known as space-time relationism. 

2. Newton’s original notions, whether they are regarded as absolute or not, imply 
universality: in every reference frame, equipped with some measuring device, 
all measured events are referred to the same spatial and temporal axes. These 
coordinate axes mark a preferred reference frame since observers use them to 
locate themselves and others in space and time. However, the Galilean principle 
of relativity is incompatible with the notion of absolute space since, due to the 
inertial motion, it is no longer possible, in Galilean space-time, to identify 
the same location at different times. But it is still possible to refer all events to 
the same temporal axis, and hence the simultaneity planes are universal in the 
sense that all simultaneous observers agree on the simultaneity of events. 
The simultaneity planes are stacked along the temporal axis and mark clear 
temporal distances between different observers. All clocks tick at the same rate 
and there is no disagreement about whether two simultaneous events occurred. 
But it was one of the great discoveries of the twentieth century that no preferred 
reference frames exist. In his Special theory of relativity Einstein shows that the 
notion of absolute or universal time makes no sense either: (a) observers 


3 Reichenbach, quoted by Earman (1970, 287, 317) (cf. Leibniz 1715-1716, 205ff, 227; Toulmin 
1959, 213; Skar 1974, 191-193; Mach 1976, 223; Zwart 1976, 25; Zeh 2000). 
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moving with respect to each other in inertial reference frames do not measure 
the same temporal intervals for the same events; (b) they do not measure the 
same spatial intervals between events; (c) they do not agree on the simultaneity 
of two events (see Chap. 2). Two events, which occur simultaneously in one 
reference frame, are not perceived as simultaneous events in another reference 
frame, moving inertially with respect to the first. Furthermore, the strict sep¬ 
aration between time and space, familiar from (Neo-)Newtonian space-time, 
disappears. Instead, we acquire a notion of Minkowski space-time: all obser¬ 
vable events take place in a space-time continuum, which becomes the stage 
for the propagation of influences between all events; and the velocity of light, c, 
constitutes the causal boundary of the space-time world. 


3.4 Relationism About Time 


Time does not create events, but events create time. (Gunn 1930, 411) 

The relational view shares with Newton’s strong philosophical realism about time 
and space the conviction that these notions apply universally. In all inertial frames 
all measuring devices record the same temporal and spatial intervals between 
events. But relationism rejects the realist view that space and time are absolute—in 
the sense of being immaterial properties of nature—hence, as anticipated by Saint 
Augustine, the concepts of space and time must make reference to unfolding 
events in the material world. Leibniz formulated his relational view of time in 
correspondence with Samuel Clarke (1675-1729), an English theologian and 
philosopher who defended Newton’s views on time and space. This discussion 
about appropriate notions of time and space took place against the background of 
the mechanical view of nature: the cosmic clockwork image of the universe 
(cf. Weinert 2004, Chap. II). One of its principles was the axiom of the universal 
concatenation of all events. From this general principle Leibniz developed his 
relational view of time and space into the causal theory of time (1715), which 
holds that all temporal relations are reducible to causal relations. But the decisive 
aspect of Leibniz’s theory of time is that time is the order of the succession of 
events. As we saw in Chap. 2, Leibniz associates the order of events with a 
universal principle of causality; it is a concatenation of all events in the universe in 
the sense that a prior event will determine a posterior event, which in turn will 
become a prior event to a later event. He does so, as noted, within the framework 
of classical notions of space-time. But in view of Leibniz’s characterization of 
relationism, a contemporary objection has been that the relational view is too weak 
to furnish the basis for an appropriate notion of space-time, which could support a 
theory of motion. This issue requires closer scrutiny of the Leibnizian notion of the 
order of events. 


112 


3 Flux and Stasis 


3.4.1 Relationism According to Leibniz 

Leibniz defines space as the order of co-existences or the order of co-existing 
things. He also describes space as the ‘order of situations’. The French physicist 
Langevin later echoed this view when he described space as ‘the total of all 
simultaneous events’ (Langevin 1923, Chap. V). Leibniz defines time as the order 
of successions of co-existing things. Or time is the order of things in relation to 
their successive positions (Leibniz 1715-1716, 211, 230, 237; cf. Newton 1960, 8; 
Rynasiewicz 1996, 285-286; Barbour 1996, 1380). The French physicist Langevin 
later echoed this view when he described time as ‘the total of all events which 
succeed each other in one place’ (Langevin 1923, Chap. V; cf. Dainton 2001, 
Chap. 10).. 

By contrast Newton holds that all things are placed in time as to order of 
succession and in space as to order of situation (Whitrow 1980, Sect. 1.10). 

It is important to note at this stage that Leibniz does not specify which events he 
has in mind or whether there are any particular events, which qualify for the 
characterization of time more than others. It is equally important to note that his 
notion of order will retain its importance in the transition from classical mechanics 
to the Special theory of relativity. On a basic level, the ‘order of succession of 
events’ may refer to the manner, according to which some events succeed each 
other in a particular location. The succession may be a random and irregular affair 
or it may possess some regularity. We have reason to believe, as his causal theory 
shows, that Leibniz had a regular, lawlike order of succession in mind. The ‘order 
of succession’ in Leibniz refers to the universality of time in classical physics. The 
phrase means that the order is universal: all potential observers or recording 
instruments agree on the ‘before—after’ order of events and agree on their simul¬ 
taneity. Thus for Leibniz, as for Saint Augustine, there is no space or time prior to 
creation: instants apart from things are nothing and outside created things there 
would be no space, no order of situations. Such a view has important implications 
for human conceptions of time and space, which, as has been stressed, reflect a 
mixture of natural and conventional aspects. According to relationism, human time 
is an abstraction, at which humans arrive through the observation of changes in 
things. Space is determined through a consideration of a body K in relation in other 
bodies A. B. C.... (Mach 1976, 217, 224; Leibniz 1715-1716, 230-231; Zwart 
1976, 26ff). In terms of the distinction between natural and conventional units of 
time, human time is based on the observation of the physical ‘before-after’- 
relation between events but it reaches beyond this relation to the conceptual dis¬ 
tinction between past-present-future, in which events are placed according to a 
dating system. 

Two components in Newton’s notion of absolute time need to be highlighted. 
His empiricism and his theory of mechanics require that ‘we use relative’ instead 
of absolute notions. But in ‘philosophical disquisitions we ought to abstract from 
our senses’ and consider things themselves. Thus, Newton the philosopher arrives 
at his philosophical notions of absolute time and space. Would it be fair to say, 
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from Newton’s point of view, that the relational view will only allow concrete, 
relative and measurable events for the determination of time but that it leaves no 
room for idealized theoretical constructs? It has been a predominant tendency in 
the interpretation of Leibniz’s philosophy of space and time to assume that his 
view is too restricted because it will only admit of actual events. It is therefore 
appropriate to inquire, which events a Leibnizian view of time will permit and 
whether it supports a well-founded space-time. 

The relationist accused the realist about time (and space) of too much 
abstraction and idealization. Ironically, the relationist has been accused of insuf¬ 
ficient idealization. In recent times, both the relational and the realist view have 
been reconstructed as space-time theories. It is often suggested in the literature 
that Leibniz makes the relational view too dependent on the actual existence of 
material processes or entities in the universe. This dependence, according to 
modern writers, creates two deficiencies for Leibnizian relationism. 4 

(a) Michael Friedman holds that Leibnizian relationism ‘wishes to limit the 
domain over which quantifiers of our theories range to the set of physical 
events, that is, the set of space-time points that are actually occupied by 
material objects and processes’ (Friedman 1983, 217; cf. Belot 1999 for an 
overview of similar formulations). In Friedman’s formulation, relationism 
constructs spatio-temporal relations between bodies as embeddable in a 
fictional space-time. This fictional space-time acts as a representation of the 
properties of concrete physical objects and the relations between them. In 
terms of ‘what there is’, space-time for the relationist is constituted by the 
spatio-temporal relations and events; by contrast for the realist about space- 
time—often called substantivalism—space-time consists of an underlying 
substratum of points, which physical events merely occupy (Earman 1989, 12, 
114; Norton 1992; Belot 2000). For the relationist space-time is an idealized 
model, which represents the concrete physical objects and the relations 
between them. John Earman characterizes Leibnizian relationism as the view 
that ‘spatiotemporal relations among bodies and events are direct’. That is, 
there is no underlying substratum of space-time points, which physical events 
would merely occupy. This aspect of the debate is called Relationism about 
Ontology. 

(b) Reservations about ontological relationism may sound like a purely termino¬ 
logical dispute were it not for an unwelcome consequence. If the relationist 
relies purely on the concrete material bodies in the universe, then Newton’s 
worries about inaccuracies return. No truly inertial trajectories may be found 
amongst the material bodies of the universe. But the relationist, so the 
objection goes, cannot follow Newton and postulate idealized, unoccupied 
inertial reference frames (via an idealized notion of time). The reason is the 
afore-mentioned problem, attributed to Leibniz, that space-time must be made 


The following sections are based on material from my paper ‘Relationism and Relativity’ 
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up of the concrete material processes and entities in the universe. According to 
this objection, the relationist is deprived of the possibility of defining inertial 
frames of references (Friedman 1983, Chap. VI; Maudlin 1993). The realist 
about time or space-time can define such inertial frames within Neo-Newto¬ 
nian space-time but the Leibnizian relationist can only specify a much weaker 
Leibnizian space-time. Such a Leibnizian space-time, so the objection con¬ 
tinues, amounts to no more than a topology of time and therefore fails to 
support a proper theory of motion. This objection concerns Relationism about 
Motion. Space—time, however, should have enough structure to make questions 
about motion meaningful (Earman 1989, Chap. 3, Sect. 1). As we shall discuss 
now, a consideration of Leibniz’s notion of the ‘geometry of situations’ is 
helpful in clarifying whether these charges against relationism are justified. 


3.4.2 The Geometry of Situations 

In an important sense, Leibniz makes time derivative of spatial relations (Arthur 
1994). For Leibniz defines time as the order of succession of simultaneous events. 
These simultaneous events constitute the order of space. Events, in a primary 
sense, are changes that happen to material bodies. But it is not the particular 
situation of bodies that constitutes space. Rather, it is the geometric order, in 
which bodies are placed that constitutes space. Time is ‘that order with respect to 
(the) successive position’ of bodies (Leibniz 1715-1716, 4th Paper, Sect. 41, 42). 
In many of his formulations Leibniz insists on the term ‘order’. Space is not 
identical with bodies. Space is ‘nothing else but an order of the existence of things’ 
(Leibniz 1671b. 144; 1715-1716, 5th Paper Sect. 29, 63). Leibniz agrees with 
Clarke that ‘space does not depend upon the situation of particular bodies’; rather 
it is the order, which renders bodies capable of being situated, and time is that 
order with respect to the successive position of things (Leibniz 1715-1716, 4th 
Paper Sect. 41, 42). Leibniz even contemplates the possibility of unoccupied 
spatial locations when he writes that space is nothing but ‘the possibility of 
placing’ bodies (Leibniz 1702, 251; 1715-1716, 3rd Paper Sect. 4, 26). 

An important aspect in a consideration of relationism and the ontology of 
space-time is Leibniz’s method of the geometry of situations (Leibniz 1679). In 
his writings about this method Leibniz criticizes the Cartesian focus on extension 
alone, i.e. algebra, which is concerned with magnitudes. Leibniz endeavours to 
introduce a geometrical analysis—a consideration of situations—which gives rise 
to an analysis of congruences, equalities, similarities and loci of geometrical 
shapes. Leibniz uses the analogy of a genealogical tree to illustrate the key notion 
of order. There is a genealogical relation between family members, which can be 
modelled as a genealogical tree. But the genealogical tree does not exist over and 
above the family members and their relations. The reflections on the geometry of 
situations are important because they take the key notion of order beyond the 



3.4 Relationism About Time 


115 


analogy of the genealogical tree. Previously it was stressed that the Leibnizan 
notion of order must be understood in the sense of classical physics. Leibniz’s 
geometry of situations can without difficulty be described as a set of constant 
three-dimensional Euclidean space-time slices (since no gravitational effects are 
considered). Objects existing at the same time exist on a simultaneity plane, E 3 . 
Any object, A, existing simultaneously with an object, B, inhabits the same 
simultaneity plane perpendicular to a time axis, on which for present purposes, no 
metric values need to be inscribed. Such a simultaneity plane will be called Now. 
All objects and events on this plane happen simultaneously, i.e. at the same 
moment in time. For the sake of convenience an analogy may help: the three- 
dimensional simultaneity slice is like a billiard ball table on which a number of 
billiard balls are at rest at a particular moment in time. These bodies entertain 
geometric relations. Body A is at a distance ‘x’ from body B. A may be at rest and 
B may rotate around it. If a third object, C, is placed on the simultaneity plane, for 
instance in the path of B, B and C will collide. The collision will be governed by 
the laws of motion and conservation principles. Objects therefore entertain 
physical relations. It is not important whether this distance is expressed in 
numerical figures. One object could be ‘some portion of its own size’ away from 
its sister object. Three-dimensional macro-objects can coexist on a simultaneity 
plane and entertain geometric and physical relations. 

What does it mean, then, to say that Leibnizian relationism only admits 
space-time points, if they are constituted by the presence of material objects and 
processes? Recall that Leibniz calls space, in terms of possibility, an order of 
coexisting things. This order must be, as the ‘geometry of situations’ shows, an 
order of physical and geometric relations. These are lawlike relations so that the 
order itself must be lawlike. So when Leibniz calls space, in terms of possibilities, 
an order of coexisting things, it is the existence of material objects in the universe 
and the intrinsic physico-geometric relations between them, which denote space in 
terms of possibilities. Without the existence of any material things, there would be 
no space, no physico-geometric relations—space would be ‘ideal’. The existence 
of things ‘creates’ absolute simultaneity planes. The existence of things ‘creates’ a 
space of possibilities. Possibilia may be construed as bodies standing in ‘Euclidean 
relations to one another in many different configurations’ or as the structure of the 
set of spatial relations (Earman 1989, 135). What needs to be added is that lawlike 
physical relations also obtain between bodies, since Leibniz is a proponent of the 
clockwork universe. The existence of things constrains the space of possibilities 
but does not exhaust it. According to Leibnizian relationism, there is no underlying 
substratum of space-time points. In this sense ‘spatio-temporal relations among 
bodies and events are direct’ (Earman 1989, 12; Belot 1999, 36). But in another 
sense, this formulation is prone to misleading characterizations of relationism as 
the view, which wishes to limit the set of space-time points to those occupied by 
material processes or events. It has been argued that this characterization is 
incorrect, by the standards of the ‘geometry of situations’. The geometry of sit¬ 
uation creates room for actual and possible relations between bodies. These bodies 
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can be represented in idealized geometric shapes. As we shall see it gives rise to an 
inertial structure. 

This geometry of situations, with its lawlike and geometric relations between its 
objects gives rise to the possibility of ‘placing bodies’. (Just as the existing family 
relations amongst members of a family give rise to the possibility of further 
branches.) This means that a change in geometric relations between bodies does 
not change the structure of E 3 , i.e. the Euclidean structure of space-time slices. 

This view requires invariance conditions in two respects. The first respect 
(a) refers to geometric symmetries. The physico-geometric relations of objects are 
invariant under space translation, rotation and reflection on the simultaneity 
planes. Leibniz’s geometry of situations reflects this invariance condition. For 
instance, two triangles can be congruent ‘with respect to the order of their points, 
(...) they can occupy exactly the same place, and (...) one can be applied or placed 
on the other without changing anything in the two figures except their place’ 
(Leibniz 1679, 251). The second aspect (b) refers to time translation symmetries, 
i.e. relationism about motion. The relations between simultaneity planes should be 
Galileo-invariant in the sense that two such planes can be joined by inertial tra¬ 
jectories. While (b) is uncontroversial for Galilean space-time, it has often been 
regarded as the sticking point for Leibnizian space-time. The following sections 
will argue that Leibnizian space-time is not geometrically weaker than Galilean 
space-time. 

Relationism about the ontology of space-time has advantages over substantival 
space-time. The material things in the universe have no effect on the nature of 
time and space, on Newton’s view. Not so on the relational view: the space of 
possibilities is constrained by the prior existence of material things and events and 
their (physico-geometric) relations. It remains a question of empirical study to 
determine, in which way the matter in the universe constrains the relations. 
According to the General theory of relativity, there exists a mutual relation 
between matter and space-time. Relationism, on the level of the simultaneity 
planes, differs from Galilean space—time, not in its mathematical structure, E 3 , but 
its ontological import. It differs ontologically, not geometrically, in that it requires 
material events. But can relationism secure enough inertial structure to present a 
viable view of motion? Does relationism about motion make sense? 

3.4.3 The Order of Succession 

Leibniz characterizes time as the order of the succession of events and material 
objects. Events are made dependent on the coexistence of things. It is the physico- 
geometric order, in which bodies are placed that constitutes space. Now time is ‘that 
order with respect to (the) successive position’ of bodies. Time is therefore, in a 
certain sense, derivative of space. This amounts to a claim about relationism about 
motion. Not only is the motion of bodies to be determined in relation to other bodies, 
Leibniz also adopts the Galilean relativity principle, whereby it is not possible to 
define sameness of place at different times. Remaining in the pre-relativistic era, 
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consider an arrangement of bodies coexisting with each other at a particular moment 
in time. This collection of bodies constitutes a lawlike space of possibilities or a 
plane of simultaneity. Now such an arrangement of bodies may endure without 
change to its geometry of situations, although the individual bodies may change 
positions (Fig. 3.6). 

According to Leibniz the transition from Now I to Now II constitutes time, for 
time is the spatial order of things with respect to their successive positions. The 
enduring structure of these bodies in their respective positions, and of their 
physico-geometric relations, will have to be considered as the succession of 
events. The objection against relationism is that the actual bodies in the universe 
may not be regular enough to constitute a metric of time. Leibniz himself seems to 
admit this weakness. He states that ‘motion belongs to the class of relative phe¬ 
nomena’ and that “ nobody ever preserves exactly the same distance from another 
for any length of time’' (Leibniz 1695, 449; italics in original). Let us assume that 
this is the case, as Newton held, and which made him adopt his idealized notions 
of time and space. How does the relationist determine the motion of these bodies if 
there is truly no inertial motion? Given the relativity of all motion, which Leibniz 
accepts, it seems that there is no appropriate kinematic connection between their 
successive planes of simultaneity. This is the problem of the affine connection: 
many commentators have claimed that Leibnizian space-time lacks an appropriate 
inertial structure (Earman 1989, 92; Arthur 1985). The general consensus is that 
Leibnizian space-time is much weaker than Neo-Newtonian or Galilean space- 
time. So even if the geometry of situations allows actual and possible relations on 
simultaneity planes, the lack of any inertial structure beyond these hyperplanes 
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Fig. 3.6 Geometry of situations. Time as the succession of spatial order, according to Leibniz 
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seems to vitiate any serious attempt to construct a theory of motion on Leibnizian 
grounds. But we should consider more clearly what the geometry of situations 
implies for Leibnizian space-time. 

3.4.4 Leibnizian Space-Time 

Leibnizian space-time is often regarded as weaker than Galilean space-time. Recall 
that in Galilean space-time absolute space has disappeared. The relativity principle 
states that the laws of motion are the same whether they are expressed in terms of a 
system at rest or in constant motion. Absolute rest and absolute velocity cannot be 
detected. With absolute space vanished, there is no longer an absolute spatial 
measure between the layers of Now. Inertial lines (for systems at rest or in motion) 
connect the simultaneity planes (Fig. 3.5). These inertial connections are privileged 
in Galilean space-time since they mark world lines of unaccelerated particles. There 
is one time axis, against which the motion of inertial systems can be measured. 
Simultaneity is absolute: events happen at the same time for all observers. Space- 
time is now made up of simultaneity planes, glued together by inertial lines. There is 
no frame-independent way of defining sameness of place at different times; but it is 
possible to refer different spatial locations to the same ‘absolute’ time axis, which 
helps to define the inertial lines. The inertial lines in space-time diagrams indicate 
motion: a vertical line, if the particle is at rest (v = 0), an inclined straight line, if the 
particle moves at a constant speed (dv/dt = 0). 

Leibnizian space-time is characterized as a position, which besides temporal 
relations only admits spatial relations between simultaneous events (Maudlin 
1993, 267). It is said that according to Leibnizian space-time the universe still 
carves uniquely into slices carrying Euclidean 3-metrics, without a precise tem¬ 
poral metric between the slices. Nothing privileged ‘stitches’ the slices together 
any longer (Wilson 1993). In the stronger Galilean space-time, the privileged 
stitching is guaranteed by the inertial lines, provided by idealized trajectories taken 
by idealized objects at rest or in constant motion. In Leibnizian space-time, 
because of its preoccupation with material events and occupied space-time loca¬ 
tions, no succession of events presumably stands out, which could serve as 
‘privileged’ stitching. Although there is a topology of (occupied) sequential space- 
time points there is no appropriate temporal metric. There is simply no invariant 
notion of straight-line motion, since all motion is relative motion (Earman 1989, 
72). True, time is a succession of events, so there is some temporal filament, which 
connects the hyperplanes. But this is insufficient to establish any privileged inertial 
frames and a theory of motion. As Clarke objected to Leibniz in his fourth reply: 
events may succeed each other at different rates. How can we measure this rate if 
there is no available yardstick? It is commonly agreed that the fatal flaw in 
Leibniz’s theory is its ‘inability to sustain a definition of (...) affine connection’ 
(Arthur 1985, 307). 

This interpretation of Leibnizian space-time ignores Leibniz’s insistence on the 
term ‘order’ in his characterization of time and the geometry of situations. The use 
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of the term ‘order’—time as the order of successive events—makes Leibnizian 
space-time similar to Galilean space-time. 5 

As pointed out in Chap. 2, Leibniz introduces an important idealization: his 
notion of ‘fixed existents’. In his Fifth Paper to Clarke, Leibniz does indeed 
suggest that out of constantly moving bodies, we can construct or feign that some 
bodies remain in a fixed position. These ‘fixed existents’ may be used to construct 
coordinate systems with respect to which the laws of motion and inertial trajec¬ 
tories can be formulated. He characterizes ‘fixed existents’ as those ‘in which there 
has been no cause of any change of the order of their coexistence with others’. But 
we have to feign that among those co-existents ‘there is a sufficient number of 
them, which have undergone no change’ (Leibniz 1715-1716, 5th Paper Sect. 47, 
69-70). Just as Newton proposes an abstraction from relative notions, used by the 
‘common people’, to obtain the absolute notions of time and space, so Leibniz 
holds that we can regard certain motions as fixed—they are good approximations 
to ideal inertial trajectories. At this point Newton and Leibniz meet. Newton needs 
approximations to his ideal notion since we need ‘sensible measures of them’. 
Leibniz is free to use the same approximations to define his ‘fixed existents’. 

Equally important for a consideration of inertial connections in Leibnizian 
space-time is his acceptance of ‘natural inertia’: ‘a body retains an impetus and 
remains constant in its speed or that it has a tendency to preserve in the series of 
changes which it has once begun’ (Leibniz 1698, 503, 506; cf. Leibniz 1695, 437, 
449; Teller 1991). The geometry of situation contains an inertial structure, i.e. 
systems of actual and possible lawlike trajectories. This includes a measure of 
temporal invariance between the simultaneity planes. Leibniz explicitly states that 
all motion is in straight lines and that time is measured by uniform motion in the 
same line (Leibniz 1671a, 140-141; cf. Leibniz 1695, 449). Although Leibniz 
tends to justify the inertia of motion through metaphysical arguments, the 
geometry of situation already gives rise to the ideal of inertial motion. 

At some stage of the argument Newton was in a similar position to Leibniz 
(cf. Manders 1982). Relationists and realists have to start empirically from relative 
motions. Newton justified the need for absolute space not only with respect to the 
inertial effects of rotation (bucket experiment) but by pointing out that all motion 
in the universe may be relative and non-constant. Nevertheless in his Principia 
Newton granted that there are approximations in the physical universe to his 
notions of absolute time and space, i.e. the motion of Jupiter’s moons and the 


5 A number of other suggestions have been made in the literature, which suggests ways, in which 
Leibnizian space-time may sustain affine connections. Arthur (1994, 230) has suggested that the 
affine connection may have ‘its origin in the laws governing relations of bodies’ (cf. Huggett 
2010, Chaps. 10, 14, 115). 

A second proposal is to refer to Leibniz’s views on motive force (Roberts 2003). Leibniz 
regarded motive force as real, inherent in bodies, and absolute. Through his insistence on motive 
force Leibniz tries to connect his views on physics with his metaphysical principles. This 
connection is not very helpful in a reconstruction of Leibnizian space-time since the problem of 
absolute motion can only solved metaphysically (see Reichenbach 1924b, 434). 
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existence of fixed stars. Furthermore from the observed motion we can abstract 
‘idealized’ motions (Earman 1989, Chaps. 9, 10). While Newton infers from this 
situation the need for absolute space and time, without reference to physical 
bodies, Leibniz rejects absolute space and time. To secure the idealization the 
Leibnizian relationist can invoke the geometry of situations, with its ‘fixed 
existents’. 


3.4.5 Possible Orders of Succession and Coexistence 

The classical cosmos is a like a vast machine, which works according to the laws 
of nature (Leibniz 1715-1716, 206, 208, 214, 237; cf. Newton-Smith 1980, 104ff). 
But does relationism allow to accommodate unactualized, possible relations 
between events in the clockwork universe (Sklar 1992, 21f)? The question is 
important because relationism, as presented by Leibniz, suggests a close fit 
between our representation of time in conceptualizations and the temporal struc¬ 
ture of actual events. Critics of relationism object that this fit is too tight to 
construct an adequate space-time for a theory of motion. Leibniz and Mach hold 
that human time is an abstraction from the observation of changes in physical 
things. But science has often shown that ‘observations’ can be deceptive—our 
limited observations could suggest a wrong notion of time. Furthermore there is 
more to our time systems than simple abstractions from observations: 

• Our conceptions of time must be open to amendments due to new physical 
discoveries, like entropy and time dilation. 

• Our conceptions of time combine conventional and natural units of time. 

• Empirical temporal data are sometimes so underdetermined that they may be 
compatible with different topologies of time: linear time (eternal expansion 
towards a heat death) or closed time (expansion and recontraction). 

On closer inspection it turns out that Leibniz is not as tightly committed to the 
view that time is the order of succession of actual things and space the order of actual 
coexistences as his critics assert. By granting the possibility of events and relations, 
Leibniz loosens the fit between our temporal conceptualizations and the actual 
temporal structure of events. It is true that Leibniz denies the existence of a void both 
in spatial and in temporal terms (Leibniz 1715-1716, 220-221, 235, 237). But it is 
also true that he does not identify space with ‘such and such a particular situation of 
bodies’ (Leibniz 1715-1716,220,235,237; see also Benjamin 1966,20; Sklar 1974, 
168ff; van Fraassen 1980, 98f; Earman 1989). Rather, space is the order ‘according 
to which situations (of bodies) are arranged’ and through which coexisting bodies 
are related to each other. Leibniz speaks of abstract space as an ideal: it is the order of 
situations, which are conceived as possible. But to characterize space as an order of 
situations is not to stipulate that space exists independently of actual things. What 
Leibniz means is that the existence of actual things renders certain types of spatial 
ordering possible, others impossible. For instance it is impossible to order three- 
dimensional things in a two-dimensional way. Two-dimensional things can be 
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Fig. 3.7 The spatial and 
temporal order of situations 
for three-dimensional objects 



arranged on an x—y coordinate system: this is their order of situations. Three- 
dimensional things can be arranged on an x—y—z coordinate system—this is the 
space, in which they can exist (Fig. 3.7). 

The order of situations is not committed to the view that actual things must 
occupy the whole space; only that actual things create a coordinate space, within 
which actual and possible things can move. Thus two balls on a billiard table do 
not occupy the whole table but the table sets the coordinate space within which 
they can move. Leibniz conceives of space as such a coordinate space: 

For space denotes in terms of possibility an order of things which exist at the same time, in 
so far as they exist together; and it is not concerned with their particular ways of existing: 
and when we see several things together we perceive this order of things among them¬ 
selves. (Leibniz 1715-1716, 211; Benjamin 1966, 20) 6 

Thus the ideas of space and time contain more than is involved in any existent 
situation. It may be said that, according to Leibniz, space is an order of actual 
things, not the actual order of all coexisting things. For space comprehends all 
places, and time comprehends all durations. But empty spaces and times are ideals: 
abstract space is the order of situations, which are conceived as possible (Leibniz 
1715-1716, 237; Benjamin 1966, 20). 

This interpretation of space as an order of situations dependent on but not 
coexistent with actual things, allows us to make a transition to possible events in 
time. The key to this transition is that Leibniz insists that ‘this’ order which he had 
already identified as being capable of giving bodies a spatial constellation, also 
gives rise to time. Time, then, is this order ‘in relation to the successive position’ 
of things (Leibniz 1715-1716, 220, 211). Thus time, just like space, concerns ‘the 
possible and the existing’ (quoted in Benjamin, 1966, 20; cf. van Fraassen 1980, 
99; Dainton 2001, Chap. 12). Time should not be identified with the actual order 


6 


In a similar vein van Fraassen (1980) defines time as a logical space. 
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of successive things but with an order of successive things. As with space, if no 
actual things exist, then time is an idea only, an order of successive possible 
positions of things (Leibniz 1715-1716, 237). However, if time and space are 
conceived as possible orders of situations, dependent on actual things, there is 
room for objects, which could have existed at some point in the coordinate system, 
but did not, and there is room for events, which could have happened in the 
coordinate system, at some point, but did not. This geometry of situation is similar 
to a colour chart. The actual colours seen on the chart do not fully cover the 
possible range of colours which exist. Many more colours are compatible with the 
spectrum of wavelengths than a particular colour chart suggests. In terms of colour 
charts there are therefore actualized and unactualized colours and these possibil¬ 
ities come to our attention as we compare the colour charts of paint manufacturers 
over several seasons. 

We come to the conclusion that there is more common ground between Newton 
and Leibniz than the disputants will admit. Newton moves from idealization to 
approximation, while Leibniz reaches from approximation to idealization. Just as 
Newton needs to find actual physical systems, which come close to his idealiza¬ 
tions, so Leibniz needs to find geometries of situation, which idealize the actual 
succession of events. It is thus no wonder that Newton’s mechanics is more 
relational than his philosophy of time. If this interplay of idealization and 
approximation is taken into account, the common ground extends to a similarity 
between Neo-Newtonian and Leibnizian space-times. In this sense the old dispute 
between Newtonian realists and Leibnizian relationists has become redundant (see 
Rynasiewicz 2000). What has not become redundant is the question of the nature 
of time and space-time. The notion of space-time becomes the central represen¬ 
tational tool of the Special theory of relativity, which is mostly associated with the 
Parmenidean view of time. 


3.5 The Theory of Relativity and the Block Universe 


This difficulty of maintaining a calibration and of having to move clocks around is the key 
to understanding the difference between a relationist and absolutist view of time.... 
(Shallis 1983, 29) 

Certain aspects of the Special theory of relativity have already been reviewed, in 
particular its implications for the measurement of time. Einstein, in the footsteps of 
Galileo, conceived of time as clock time but instead of water clocks he considered 
the behaviour of mechanical clocks. If two such clocks are in inertial motion with 
respect to each other they suffer time dilation effects, which indicate the relativity 
of simultaneity. From the notion of relative simultaneity, many ‘relativists’ draw 
inferences about the nature of time and space-time. The Special theory was 
understood to have vindicated the Kantian view of time. Time is not an illusion in 
the Kantian system but it is nevertheless a human construct. The noumenal world 
is timeless, since no time exists outside of human perception. Nevertheless, Kant’s 



3.5 The Theory of Relativity and the Block Universe 


123 


idealistic notion of time presupposes an underlying causal succession of events. 
Proponents of the Special theory, however, ignored the noumenal world. Many 
took the Special theory to have shown that the physical world constituted a 
timeless, four-dimensional space-time structure. The impression of the passage of 
time was then relegated to the realm of human perception, and often treated as a 
mere illusion. This section will follow the steps, which lead from the results of the 
Special theory to the block universe. The block universe exists as a pure Being, in 
the Parmenidean sense. 


3.5.1 The Time Machine 

It is interesting to note, as a preliminary consideration, that the narrator in 
H. G. Wells’ famous book The Time Machine (1895) already anticipated the four¬ 
dimensional, static view of the physical world. The narrator travels into the distant 
future to find that humanity, to his dismay, has evolved into two different species, 
with the ferocious and rapacious Morlocks preying on the defenceless and gentle 
Eloi. On his return the narrator has difficulties to convince his dinner guest of his 
journey into the future. So the narrator shows them his time machine, the con¬ 
ceptual possibility of which was suggested by his rather advanced views of the 
nature of time and space. The narrator has a purely geometric view of space and 
time and he treats time as a spatial route, along which the time traveller can travel 
first into the distant future and then back to his own century. He explains: 

There are really four dimensions, three of which we call the three planes of Space, and a 
fourth. Time. There is, however, a tendency to draw an unreal distinction between the 
former three dimensions and the latter, because it happens that our consciousness moves 
intermittently in one direction along the latter from the beginning to the end of our lives. 
(Wells 2005, 4) 

The ordinary view that time is one-dimensional and moves in a forward direction 
is an impression imprinted in our consciousness. According to Wells the only 
difference 'between Time and any of the three dimensions of Space’ is that ‘our 
consciousness moves along it’ (Wells 2005, 4, 94). The various snapshots of a 
person’s life he characterizes as ‘Three-Dimensional representations of his Four- 
Dimensioned being, which is a fixed and unalterable thing’ (Wells 2005, 5). Thus 
there is an underlying, timeless substrate, which is four-dimensional and incorpo¬ 
rates both the spatial and temporal axes. Time is a fourth dimension and the normal 
present is a three-dimensional section of a four-dimensional universe (Wells 2005, 
94). The time traveler is clearly a believer in the Parmenidean block universe. This 
view became later enshrined in Minkowski’s four-dimensional representation of 
Einstein’s Special theory. A major difference between the Wellsian view of the 
block universe and the Minkowski view is that Minkowski welds space and time 
into a union—known as Minkowski space-time—where both space and time are 
subject to relativistic effects—length contraction and time dilation. The Wellsian 
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time traveler knows of no such effects—time is simply a fourth spatial axis, a 
temporal highway, along which the time traveler can freely travel up and down. The 
Wellsian time traveler really envisages a Newtonian space-time rather than a 
Minkowski space-time model, since he adds to the existing three dimensions a 
fourth dimension, which represents time in a spatial manner (cf. Smart 1963; cf. 
Figs. 2.13, 2.21, 2.22, 2.23, 3.4). Einstein’s Special theory of relativity gave full 
expression to the Wellsian view that ‘time is a fourth dimension’. 


3.5.2 Einstein and the Block Universe 

How does Einstein get from the Special theory (1905) to the block universe? 
Einstein’s theory is based on two fundamental postulates: 

(1) The generalization of the Galilean principle of relativity. According to 
Galileo and Newton all inertial reference frames—i.e. those which are either at rest 
or in uniform motion with respect to each other—are equivalent with respect to the 
validity of the mechanical laws. The Galilean transformation rules ensure that the 
laws of mechanics are invariant with respect to the classical reference frames. In a 
constantly moving ship, the birds in a cage fly in the same way as they would on 
the shore. In 1905 Einstein generalized this Galilean principle to include both 
mechanical and electro-dynamic phenomena; the Special theory considers only 
inertial, unaccelerated motion. Reference frames are treated as indistinguishable 
from a physical point of view. For this reason Einstein abandoned, in 1905, 
Newton’s absolute and universal notions of spatial and temporal reference frames, 
as well as nineteenth century ether theories. Einstein’s treatment of time led to the 
abandonment of Neo-Newtonian space-time. Then he discovered that even his 
Special theory gave an unjustifiable preference to inertial (unaccelerated) systems 
and assumed a quasi-Euclidean geometry. The General theory extends the prin¬ 
ciple of relativity to all kinds of motion—inertial and non-inertial—and described 
them in general coordinates, rather than reference frames. In the language of 
Einstein, the General theory states that no coordinate system must serve as a 
preferred basis for the description of natural events. In its general form the prin¬ 
ciple of relativity states that all coordinate systems, which represent physical 
systems in motion with respect to each other, are equivalent from the physical 
point of view. Generally, relativity principles stipulate the physical equivalence of 
all systems or the indistinguishability of their state of motion. This means that 
from the point of view of measuring spatial or temporal intervals, it does not 
matter whether the interval is measured from a system considered at rest or from a 
system in constant motion with respect to the rest frame. For instance, from the 
point of view of the system at rest, a moving rod appears contracted in the 

x-direction by an amount of \J 1 — ( v / c )~; from the point of view of the moving 
rod, the rest system appears contracted by the same amount. Absolute uniform 
motion cannot be detected (cf. Mermin 2005). 
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(2) The second postulate is the constancy of light in vacuum (approximately 
3 x 10 8 m/s); it is the same in all reference frames moving uniformly with respect 
to each other. It is not dependent on the velocity of the emitting body nor on the 
direction, in which the light ray is emitted. As shown in Chap. 2, the constancy of 
c plays an important part in the synchronization of clocks. 

From these two postulates follow some very counterintuitive consequences. 

(a) Length contraction. The lengths of objects in the x-direction, as measured by 
observers in different reference frames, vary according to which frame is 
deemed at rest or in inertial motion with respect to the length to be measured. 
Generally, the length of an object in the x-dimension appears longer for 
observers at rest in the same frame than for observers who are in motion with 
respect to the rest frame. This phenomenon is called length contraction. It is 
equivalent to the statement that moving objects appear to shorten with respect 

to the rest frame in the proportion 1 : 1 — ( v / c )“. As the relativity principle 

allows us to regard the moving frame as being at rest and the rest frame as 
moving, the same contraction factor appears in both systems. To illustrate 
consider a bar of a certain length, L, lying on a pavement. Observer A stands 
next to the bar and hence is at rest with respect to the bar. Let observer 
A measure the length of the bar as l,. Observer A has arranged for a friend, 
observer B, to speed past the ‘bar-observer A’ system on the pavement in a car, 
which can travel near the speed of light. Then observer B, who is in motion 
with respect to the bar, will measure the bar as shorter, say length I 2 , where this 
length varies with the velocity of the vehicle. 

(b) Time dilation. The time intervals, which synchronized clocks measure 
between two events E, and E 2 , are dependent on the location and the velocities 
of the frame, from which the interval is measured. Generally the interval, At 
between events, which happen in a rest frame, is always shorter than the 
interval At between the same events, as seen from a moving frame. This 
phenomenon is called time dilation (Fig. 3.15). It is equivalent to the state¬ 
ment that moving clocks slow down by a factor of 1 — yj 1 — ( v / c )" per second 

or V 2 ( V /c) 2 secon ds> as seen from the rest frame. Due to the relativity prin¬ 
ciple the same applies vice versa (Einstein 1905, 36; 1907). Thus Einstein’s 
theory predicts that moving clocks, as seen from a rest frame, will be observed 
to be running more slowly than a clock at rest relative to the observer in the 
rest frame. As the clocks slow down the interval between the events appear 
longer from the point of view of the rest frame. This result follows directly 
from the two principles of relativity. 

To see time dilation at work, consider the use of a light clock—the type of 
clock, which Einstein used to measure the interval between two events 
(cf. Kane/Sternheim 1984, 544f; Tipler 1982, 938). Let the two events consist 
of a flash of light, emitted from a source and reflected by a mirror in a rest 
frame, S. As before an observer is at rest with respect to both the source and 
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Fig. 3.8 a Time dilation. 
Observer, O, is at rest with 
respect to the mirror and the 
light bulb. He sends a beam 
of light to the mirror which is 
reflected back to 
O. Meanwhile observer O' 
moves past observer O with 
speed v (adapted from Krane 
1983, 23). b By the principle 
of relativity observer, O ', can 
be seen as being at rest with 
respect to observer 
O. Observer O sends a beam 
of light to the mirror at point 
A and receives it back at 
point B (adapted from 
Krane 1983, 23) 
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the mirror in the rest frame (Fig. 3.8a). Then a measurement of this time 
interval, At, is viewed from a frame S', which is moving rectilinearly past 
S with speed v (Fig. 3.8b). Let the distance between the source and the mirror 
be D. The event happens in the rest frame so the question is what time interval. 
At, is measured in the rest frame and what time interval is measured in a 
frame, which moves inertially with respect to the rest frame. 

Observer A in the rest frame, for whom the two events happen at the same 
place, measures the time as 

A t = 2D / c , (3.2) 

since the light signal must travel the distance 2D with velocity c. For O one 
clock is sufficient. But for observer O ’ who measures the same event from the 
point of view of a moving frame the time interval is different. His frame moves 
with velocity v past the rest frame so he recaptures the light signal, sent back 
by the mirror, at a later time. Observer O’ needs two synchronized clocks, 
since the events happen at two different places. The time it takes for the light 
signal is longer, since ‘c’ is constant but the distance is greater. He therefore 
measures a longer time for this event, since he measures them at two different 
places: 
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In this sense clock readings are path-dependent. The result is that the two 
observers disagree about the duration of these events. Observer O, who is at rest 
with respect to the light clock, will claim that the clock of the moving observer 
O' must run slow, since O' measures a longer interval between the emission and 
the return of the light signal. As 0”s clock slows down time does not appear to 
pass as rapidly in the moving frame, from the point of view of O. By the 
principle of relativity O' is entitled to regard system O as moving past him, with 
velocity -v. This perspective has the effect that it is now O’ s clock, which 
appears to run slow. This phenomenon is called the ‘reciprocity of time 
dilation’ because in each case different clocks are involved (Giulini 2005, 52; 
Sexl and Schmidt 1978, 31-34). From the point of view of system O' there is 
one A-clock but it must be compared with two B-clocks at two different 
locations. From the point of view of system O’, there is one fi-clock but its 
reading must be compared to two A-clocks. Only relative motion is important 
for time dilation. The time between two events, which occur at the same 
location, as in rest frame S, is called proper time. Proper time is not ‘affected by 
relativity’ (Denbigh 1981,40). The time interval measured in the moving frame 
requires a displacement of the clocks and the clock readings from these clocks 
are called coordinate time. Coordinate time is always longer than proper time 
and this difference marks the phenomenon of time dilation (Bohm 1965, 65, 
Sexl and Sexl 1978, 33; Petkov 2005, Sect. 4.9; Mermin 2005). According to 
the Special theory the question of who reads the ‘right’ time does not arise. 
There is no ‘right’ clock time. All clock times are equivalent. Hence it appears 
that there is no universal time, which seems to lead to the conclusion that time 
is a human phenomenon, absent from the physical world. 

(c) Relative Simultaneity. Finally, events which appear simultaneous according to 
one reference frame do not appear simultaneous in another reference frame, 
which is moving inertially with respect to the first. This is the phenomenon of 
relative simultaneity. Einstein employed his famous train thought experiment 
to illustrate this phenomenon (see Fig. 2.18). To speak of time in the physical 
sense is, according to Einstein, to make statements about simultaneous events 
(Einstein 1905, 27-29). To say that event E happens at time t is to say that E is 
simultaneous with a certain position of the clock hand on the clock face. And 
two distant clocks can be synchronized by the exchange of light signals, 
because according to the theory light travels at a constant speed. But, as we 
have just seen, clocks which are moved about suffer time dilation effects. 
Hence if clock readings in different reference frames are path-dependent, it 
becomes impossible to determine absolute simultaneity between events. Fur¬ 
thermore if time is given by clock time, it appears that there are as many clock 
times as there are reference frames in inertial motion (Pauli 1981, 15). Hence 
the notion of universal time, widespread in classical physics, disappears. There 
are only relative clock times and it appears that the only invariant intervals 
concern proper time (Denbigh 1981, Chap. 3, Sects. 6, 7) (see Box II). 
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Box II: The Representation of Time Dilation 

In the literature one finds two prominent but different representations of the 

time dilation effect. 

A. The ticking rates of clocks in motion. According to this representation, all 
clocks attached to inertial reference frames tick regularly and invariantly 
within their respective frames. Hence proper time is invariant within each 
frame. But when such clocks are compared across reference frames, 
which are in inertial motion with respect to each other, they are no longer 
synchronized with respect to each other. Hence they appear to run slow to 
respective observers, as illustrated in the case of the two space ships in 
Chap. 2 (the clocks in the B-rocket are not synchronized in the A-rocket 
and vice versa; see Fig. 2.19). These observers measure coordinate time, 
which is not invariant across frames, because the synchronization of 
clocks fails. 

B. The path-dependence of clock time. An alternative way of representing 
‘time dilation’ employs the notion of ‘path-dependence’, as illustrated 
in Fig. 3.8a, b. Observer O measures the duration of the events in the 
rest frame as At. But for observer O', who moves relative to O, it takes 
longer for the light signal to return. Hence clock times are path 
dependent. Sometimes it is said that clocks in the Special theory 
behave like odometers: they measure the length of a time-like curve, 
connecting two points in Minkowski space-time (Carroll 2010, 74; 
Maudlin 2012, 76). In this sense, too, clock readings are path-depen- 
dent as is clear from the different readings made by observers O, O’. 
One has to agree with David Mermin (2005, 63) who regards the term 
‘time dilation’ as unfortunate: ‘The slowing down of moving clocks is 
often referred to by the deplorable term “time dilation”. It is deplor¬ 
able because it suggests in some vague way that “time itself” (what¬ 
ever that might be) is expanding when a moving clock runs slowly. 
While the notion that time stretches out for a moving clock has a 
certain intuitive appeal, it is important to recognize that what we are 
actually talking about has nothing to do with any overarching concept 
of time. It is simply a relation between two sets of clocks. While it is 
commonly believed that there is something called time that is measured 
by clocks, one of the great lessons of relativity is that the concept of 
time is nothing more than a convenient, though potentially treacherous, 
device for summarizing compactly all the relationships holding 
between different clocks. If one set of clocks is considered to be sta¬ 
tionary, synchronized, and running at the correct rate, then a second 
set, considered to be moving (and synchronized in the frame in which 
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they are all stationary) will be found to be both asynchronized and 
running slowly, according to the first set. But if we consider the second 
set to be stationary, synchronized, and running at the correct rate, then 
according to the second set the first set will be found to be asynchro¬ 
nized and running slowly’. 


3.5.3 The Block Universe 

Einstein’s acceptance of these consequences, despite his later reservation, helped 
the notion of the block universe to gain general currency. Many proponents of the 
Special theory of relativity felt that these results revealed significant aspects of the 
nature of time. They argued from the relativity of simultaneity, which is a con¬ 
sequence of time dilation, to the Parmenidean block universe. In fact they treat the 
claim of the timelessness of the physical world as a deductive consequence of 
the Special theory of relativity. Hence such phenomena as time dilation and rel¬ 
ative simultaneity have served as a basis for the affirmation of the block universe, 
as the following representative quotes illustrate. 

Since there exists in this four-dimensional structure no longer any sections which represent 
“now” objectively, the concepts of happening and becoming are indeed not completely 
suspended, but yet complicated. It appears therefore more natural to think of physical 
reality as a four-dimensional existence, instead of, as hitherto, the evolution of a three- 
dimensional existence. (Einstein 1920, Appendix V, 150; italics in original) 

For us believing physicists, the distinction between past, present, and future is only an 
illusion, even if a stubborn one. 7 

In a perfectly determinate scheme the past and future may be regarded as lying mapped 
out—as much available to present exploration as the distant parts of space. Events do not 
happen; there are just there, and we come across them (...). We can be aware of an eclipse 
in the year 1999, very much as we are aware of an unseen companion to Algol. Our 
knowledge of things where we are not. and of things when we are not, is essentially the 
same. 8 


7 Einstein, quoted in Hoffmann (1972, 257-258); historical references to the idea of the block 
universe are to be found in Nahin (1993) and Weinert (2004, Chap. 4). 

8 Eddington (1920, 51; italics in original) In his review of Eddington’s Romanes Lectures 
(1922), Cunningham (1922, 568-569) captures the spirit of Eddington’s thinking very well: ‘The 
world is laid out before us as a changeless whole. Time and space are no more. All is static. 
Dynamics has been resolved away'. Again, as with Einstein and Weyl, we find some ambiguity in 
Eddington about the passage of time. In a somewhat obscure passage in The Nature of the 
Physical World Eddington (1929, Chap. V) seems to claim both that we have a ‘justifiable 
conception of "becoming” in the external world’, and that the passage of time is ‘a condition of 
consciousness’. See also Sklar (1993, 409-411) for a discussion of this passage. In another 
context Cunningham writes: a four-dimensional static view of the universe ‘is inseparable from a 
mechanical determinism in which the future is unalterably determined by the past and in which 
the past can be uniquely inferred from the present state of the universe’. Cunningham. The Theory 
of Relativity (1923), 213, quoted in Capek (1962, 159). 
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Each observer has his own set of nows and none of the various systems of layers can 
claim the prerogative of representing the objective lapse of time. (Godel 1949, 558) 

There are as many times as there are reference frames. (Pauli 1981, 15) 

Note that this inference is much aided by the introduction of observers in the 
moving reference frames. And from observers, who experience time differently 
according to their clocks, it is an easy step to the Kantian notion of time. For if the 
existence of a universal time, in Newton’s and Leibniz’s sense, is denied then each 
observer has his or her velocity-dependent time, as indicated by their respective 
clock times, and there is no agreement on clock times and simultaneous events 
across different reference frames. It may be wrong to call time a ‘human illusion’ 
as many relativists do, but time appears to be a human construction, which leaves 
the physical world in a state of timeless stasis. The physical world must be a block 
universe—a timeless Being, already envisaged by Parmenides. Whilst the 
Parmenidean block universe was the result of metaphysical speculation, it now 
appears as a consequence of a powerful scientific theory. The image of the block 
universe gained much strength when Minkowski geometrized Einstein’s Special 
theory and introduced the Minkowski space-time model. It is to be noted, how¬ 
ever, that the ‘unreality of time’ is a conceptual inference from certain results of 
the Special theory of relativity. It does not follow deductively from its principles. 
‘We cannot infer the reality or unreality of time from the t-coordinate in the 
Special theory of relativity’ (Denbigh 1981, Chap. 4, Sect. 5). 


3.6 Minkowski Spacetime and the Block Universe 


The B-theory, right back to Russell, has clearly been much influenced by relativity. Even 
so one does need to distinguish between valid conclusions drawn from a scientific theory 
and opinions or interpretations, which are nothing more than a gloss on that theory. 
(Denbigh 1981, 53) 

According to many commentators Einstein’s Special theory was not a truly 
revolutionary theory, and Einstein never claimed that it was. For one could say that 
the theory only extends the Galilean relativity principle to its full meaning. The 
truly fundamental and revolutionary viewpoint, as regards time, was provided by 
Minkowski’s geometric notion of space-time. 


3.6.1 Minkowski Space-Time 

According to Newton’s philosophical conceptions, observers in two different ref¬ 
erence frames, which are moving uniformly with respect to each other, will assign 
the same spatial and temporal coordinates to event, E. Their spatial and temporal 
coordinates agree because, in Newton’s metaphor, they orient themselves in 
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absolute space, with a clock attached to the cosmic container, which indicates the 
same time for all inertial observers. But the notion of absolute space does not sit 
well with the Galilean principle of relativity, which Newton’s mechanics adopted. 
The principle of relativity tells us that inertial rest and motion are indistinguishable 
from a physical point of view. A sailor observing the ‘insects’ inside the ship, in 
Galileo’s famous thought experiment, can not tell whether the ship lies at anchor or 
is moving with a constant velocity (where side effects are ignored). The aban¬ 
donment of the notion of absolute space led to Neo-Newtonian space-time, which 
still left ‘absolute time’. The reason lies in the adoption of the relativity principle. 
‘Sameness of place’ at different times can no longer be defined but the relativity 
principle does not exclude ‘sameness of time’ at different locations. This is 
expressed in the Galilean transformation rules: x' = x — vt,y =y',t = t’. However 
according to the Special theory, Einstein’s concepts of space and time cannot be 
sharply differentiated as objects of physical measurement (Born 1962, Chap. II). 
This is a direct consequence of the postulates of the Special theory. The relativity 
principle forbids the assumption of absolute reference frames and the light postulate 
leads to the abandonment of a unique temporal axis. In Neo-Newtonian space-time 
it was sufficient to mark events with one time coordinate (t) and a set of changing 
space coordinates (x, y, z; x', y', z'), depending on the direction of motion. But in 
Einsteinian physics an event must now be marked by a set of four coordinates (x, y, 
z, t), (x', y', z', t'), which depend on the state of motion of the system. The coor¬ 
dinates are related by the Lorentz transformations. 

Minkowski introduced a geometric representation of Einstein’s Special theory, 
which leads to the concept of four-dimensional space-time. It has a cone structure, 
with a past and a future light cone (Fig. 2.22). The past light cone converges onto 
the present and the future light cone diverges from the present. It is reminiscent of 
the geometric conception of the Wellsian time traveler. In a famous statement 
Minkowski announced: 

Henceforth space by itself, and time by itself, are doomed to fade away into mere shadows 

and a kind of union of the two will preserve an independent reality. (Minkowski 1909) 

This union is the notion of space-time, which is to be understood in a geometric 
sense. Newtonian and Galilean space-time were ‘3+1’ views, i.e. three spatial 
axes and one temporal axis. But Minkowski space-time is a four-dimensional 
manifold because motion affects both spatial measurements (length contraction) 
and temporal measurements (time dilation). Hence the temporal and spatial axes 
are no longer the same for all observers. Minkowski’s space-time is a geometric 
representation since, in a basic sense, it operates with geometric terms like ‘light 
cones’ and ‘world lines’. The photon world lines constitute the limits of the light 
cones (Fig. 3.9). The cone structure of Minkowski space-time has a causal 
structure, since (as indicated in Chap. 2) it has an effect on how events within 
Minkowski space-time are affected. The photon world lines also take on a special 
role in Minkowski space-time. The light signals are not represented as propa¬ 
gating between two events with a constant velocity (c = 3 x 10 8 m/s); rather the 
photon world lines constitute the causal boundaries of the connectibility of events 
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and on them time stands still (ds = 0). Minkowski’s geometric representation 
presents the trajectories between all events as frozen world lines within its 
structure, rather than as propagating signals. This view, as may be expected, has 
implications for the block universe. 

Minkowski’s geometric representation of space-time respects the results of the 
Special theory—time dilation, length contraction, and relative simultaneity—by 
employing world lines between events. The world lines have different degrees of 
inclination, reflecting the different velocities at which the systems move with 
respect to each other (see Fig. 2.21a, b). 

In his 1909 paper Minkowski called a spatial point, existing at a temporal point, 
a ‘world point’, with space-time coordinates x, y, z, t. Such a ‘world point’ is now 
called an ‘event’ in space-time. In Einstein’s words, Minkowski’s absolute world 
postulate presents a ‘four-dimensional continuum described by the “co-ordinates” 
x 1; x 2 , x 3 , x 4 , (which) was called “world” by Minkowski, who also termed a point- 
event a “world-point”’ (Einstein 1920, 122). Such events have duration in space- 
time and thus the history of a space-time event becomes a world line. The whole 
of space-time is criss-crossed by such world lines. Minkowski invests such world 
lines with ‘eternal existence’ and conceives of the physical laws as interactions 
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between world lines. From the point of view of a particular world line, events in 
space-time are marked by four coordinates (x, y, z, t), (x', y', z', t'), depending on 
the world line on which they lie and from which they are observed. In a relational 
manner time could be defined as all events, which succeed each other at a certain 
point in space-time. But as the clocks display a difference between proper and 
coordinate time for different inertial systems, there is no frame-independent way of 
determining the succession of events. And space could be defined by all the events, 
which happen simultaneously. But as the clocks do not tick invariantly across 
coordinate systems there is disagreement about the simultaneity of events. How¬ 
ever, the order of events is still the same for all observers, who can communicate 
with each other. To see that the order of events is invariant although their 
simultaneity is not, reconsider Einstein’s train thought experiment. Recall that the 
observer on the embankment judges the arrival of the two bolts of lightning as 
simultaneous, while the train passenger does not. As light from the two ends of the 
train propagates at a finite velocity and the train passenger travels at a very high 
speed towards the light ray coming from the front of the train but moves away 
from the light ray coming from the rear, the two events are not judged as simul¬ 
taneous by the train-bound observer. Nevertheless, the ‘causal’ order of events is 
the same for both observers: both will agree that the bolts of lightning hit the train 
before each observer perceived the events. 

Since the theory of relativity postulates that the velocity of light, c, is a limit 
speed, at which light rays propagate but which material particles can never reach, 
the light signals constitute the boundaries of the light cones, which emanate from the 
present Here-Now (Fig. 3.10). By adopting the speed of light as unity (c — 1) 
the word line of a photon tilts at 45° from the vertical. Then the world line of 
material particles must always stay inside of the light cone, which means that their 
world lines are always inclined at less than 45°. A world line at rest is indicated by 


rectangular coordinates 


tv 


in the diagram; a world line in inertial motion with 


respect to the world line at rest is represented by tilted coordinates * if in the 


diagram. The Here-Now defines the point in space-time from which future light 
cones diverge into the future and past light cones converge from the past. As the 
effects of events can reach the inhabitants at Here-Now from the past and as 
occupants of the Here-Now region can influence the future within the light cones, 
the light cones are often said to have a causal structure (Reichenbach 1956). The 
light signals supply a causal structure in the sense that the light signal constitutes 
the boundary for the propagation of any signal. This terminology does not mean 
that there actually exists a causal link between any two events within the light 
cones. It only means that such a causal link between events is possible. For 
instance, if the captain of a ship sends out a light signal to a station on shore to 


9 The equation m r = — , m ° shows that if material particles travelled at the speed of light, 

V >- v2 /c 2 

v = c, their relativistic mass would be undefined, since the denominator would be zero. 
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indicate his position, then its emission will be the cause of its reception; but if the 
captain sends no signals then there will be no emission, but the potential signal 
would still follow the causal trajectory defined by the light cones. Of course, the 
captain may send sound signals, which propagate at a lower speed. Their world 
lines would be inclined at less than 45°. However, cosmic events may be so far 
away from telescopes on Earth that their light has not yet reached us so that these 
events lie outside the causal structure of our space-time in a region called 
Elsewhere. 

Events in space-time can be connected in three different ways: 

When there is a time-like connection between them (ds > 0), the events are 
close enough in space and apart enough in time for a connection to be established 
between them. They lie within the light cones as seen from Here-Now. This 
connection is secured by mechanical means or sounds, which propagate at a speed 
slower than light; but they have the capacity to at least potentially establish a 
causal link between two events. For instance, if a signal is sent down a wire, it 
takes time for the signal to reach its recipient because emitter and recipient are 
separated in space. Time-like connections typically exist between the simultaneity 
hyperplanes in Minkowski space time. That is, for one event to causally affect 
another event time must elapse; these events can only be connected by the 
propagation of signals, or mechanical means. Consider a game of pool broken 
down into time slices, which succeed each other. Each time slice shows a different 
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constellation of the balls. One ball can be made to hit another ball, by merely 
mechanical means. The ball will propagate across the table and this motion can be 
represented as time slices, which show the balls at different locations (Fig. 3.11a). 

When events have a space-like separation (ds < 0), they are too far apart in 
space and too close in time for any finite signal to connect them. Such events do 
not lie within the light cone that can be reached, by subluminal signals, from the 
Here-Now. They reside in Elsewhere. In cosmological terms such events lie so far 
away from the Earth that their light has not yet reached us. But space-like con¬ 
nected events are also all events, which coexist on a simultaneity hyperplane in 
Minkowski space-time. Imagine you stand on top of a hill, surveying the land¬ 
scape. Your car is parked at the bottom of the hill. Suddenly you spot a car thief 
breaking into your car and driving off. You on top of the hill and the car thief are 
space-like separated because you cannot reach across the distance within a short 
time or instantaneously to stop the thief. In a similar way, two balls on a time slice, 
which are some distance away from each other, cannot hit each other instanta¬ 
neously (Fig. 3.11b). 

Finally, there are the null-like connected events (ds — 0), which lie on the 
photon world lines (Fig. 3.12). In Minkowski’s geometric representation, for these 
events time does not pass, since their space-time separation is always zero. The 
fact that time does not pass in Minkowski space-time can be understood by a 
consideration of the invariant space-time interval ds. The space-time interval, ds, 
is an invariant measure of space-time distance, on which observers agree, even 
though they use different co-ordinate systems (Fig. 2.23; see Sects. 2.9.3, 3.8.1). It 
is convenient to write: 




(b) 



Fig. 3.11 a Time-like separated events. Time elapses between the collisions of these two balls; 
they are close enough in space and far enough in time for A to causally affect B; they are time-like 
separated, b Space-like separated events. It is impossible for ball A to hit ball B instantaneously; 
they are close enough in time but too far apart in space to act on each other simultaneously; they 
are space-like separated 
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Fig. 3.12 The photon world 
line 



ds 2 = dt 2 — dx 2 dy 2 — dz 2 (3-4) 

where the convention is adopted that c = 1. Recall that by adopting this con¬ 
vention, the world line of a photon must be drawn at an angle of 45° from the 
vertical axis. If we simplify further and only consider the x-axis, we can write 
ds 2 = dt 2 — dx 2 . 

Then a photon travels 1 unit in the x-direction for 1 unit of time (dx = cdt), so 
that ds = V c 2 dt 2 — dx 2 = 0; ds 2 = 1—1=0. But time-like connected events lie 
above the photon line since for 1 unit of time they travel less than 1 unit of x; 
hence (ds 2 > 0). And space-like connected events are connected by a line below 
the photon line, so that they travel more than 1 unit of x in 1 unit of time; hence 
(ds 2 < 0). 

As relative simultaneity has been an important argument in favour of the block 
universe, let us finally see how the relativity of simultaneity is expressed in 
Minkowski space-time diagrams. It is convenient to remember that simultaneity 
planes run parallel to the spatial axis and cut the time axis at a particular point (see 
Fig. 2.21a, b). Thus for a world line representing the history of an event at rest (at 
the same place) the simultaneity planes run perpendicular to the time axis, f, and 
parallel to the spatial axis, x. But for a world line representing the history of an 
event in constant inertial motion, time and spatial axes are both inclined (f, x 1 ) so 
that the simultaneity planes are inclined with respect to the time axis but parallel to 
the tilted spatial axis. The diagram shows graphically why world lines representing 
inertial observers, confined to their respective world lines, disagree about the 
simultaneity of event, E (Fig. 3.13). 


3.6.2 The Philosophy of Being 

Just as many authors inferred a block universe from Einstein’s notion of relative 
simultaneity, so many authors infer a philosophy of being from this geometric 
representation of Minkowski space-time, which respects both the relativity of 
simultaneity and time dilation. These authors conclude that time cannot be a 
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Fig. 3.13 Simultaneity planes in Minkowski space-time, according to two observers who move 
inertially with respect to each other 

feature of the physical universe (cf. Weinert 2004, Chap. 4). Here are a few more 
representative voices, in chronological order: 

In the realm of physics it is perhaps only the theory of relativity which has made it quite 
clear that the two essences, space and time, entering into our intuition have no place in the 
world constructed by mathematical physics. (Weyl 1921, 3, 227) 

Change is only relative to the perceptual mode of living things (Costa de Beauregard 
1966, 430). 

Perhaps the flowing of time is only a description of a subjective impression. Perhaps 
our minds create this illusion, and force us to describe the exterior world in these terms. 
Perhaps there is no feature of the exterior world that demands such a flow of time, but 
the need to describe it in terms that fit our consciousness, forces us towards it (Gold 
1966, 312). 

The whole universe can be thought of as a four-dimensional map because four numbers 
are needed to specify each point (...). Since one of the four numbers belonging to the four¬ 
dimensional map represents ‘time’ (the other three represent ‘space’) we see that all 
moments of time exist with equal realty. The future and the past are every bit as much a 
part of the map as is the present. It is we, in our capacity as observers, who single out the 
present, just as the walker singles out the particular point where he happens to be standing 
(Hoyle 1982, 91). 

To accommodate everybody’s nows (...) events and moments have to exist ‘all at once’ 
across a span of time (Davies 1995, 71). 
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Due to the absence of an observer-independent simultaneity relation, the Special theory 
of relativity does not support the view that 'the world evolves in time'. Time, in the sense 
of an all-pervading ‘now’ does not exist. The four-dimensional world simply is, it does not 
evolve (Ehlers 1997, 198). 

The implications of a four-dimensional world for a number of fundamental issues 
such as temporal becoming, flow of time, free will, and even consciousness are pro¬ 
found—in such a world (often called the block universe) the whole histories in time of 
all physical objects are given as completed four-dimensional entities (the objects’ 
worldtubes) since all moments of time are not ‘getting actualized’ one by one to become 
the moment ‘now', but form the fourth dimension of the world and hence are all given 
at once. And if temporal becoming and flow of time are understood in the traditional 
way—as involving three-dimensional objects and a three-dimensional world that endure 
through time—there is no becoming, no flow of time, and no free will in a four¬ 
dimensional world. (Petkov 2005, 122) 

Interestingly, Minkowski himself did not necessarily accept the notion of the 
block universe. In his famous talk in Cologne (1908), in which he announces the 
union of space and time into four-dimensional space-time, he concedes that a 
‘necessary’ time order can be established at every world point (Minkowski 1909, 
61). But his followers, like Godel, for instance, claimed that the Special theory of 
relativity, with its emphasis on relative simultaneity, has ‘new and surprising 
insights into the nature of time’. In particular he held that the Special theory 
offered ‘unequivocal proof of the idealist view of time (Godel 1949). Recall that 
idealist views of time elevate the mind to a metric of time. The awareness of 
temporal passage is either part of the structure of the human mind, which led to 
Kant’s objective idealist view, or changing external events imprint impressions of 
a passage from future to past on individual minds, which led to Saint Augustine’s 
subjective idealist view. The British Empiricists ironically shared this view, 
because they also locate time’s passage in the succession of impressions. Kant 
affirms that what humans perceive as changes (of successive alterations of prop¬ 
erties in underlying substances) and the passage of time is due to the particular 
condition of their sensibility. But imagine a being without ‘this condition of 
sensibility’. In it ‘the very same determinations which we now represent to our¬ 
selves as alterations would yield knowledge into which the representation of time, 
and therefore also of alteration would in no way enter’ (Kant 1787, B54/A38). 
Thus temporal change appears to be due to the human mode of perception, and 
therefore a human construction. 

It seems that a natural alliance exists between the idealist view of time and the 
Special theory of relativity. But is it conceivable that this alliance is simply a 
consequence of Minkowski’s geometric representation of space-time? Minkowski 
constructs a four-dimensional space-time continuum but observers can only view 
this four-dimensional world from their particular perspectives, which depend on 
their state of motion. The tenor of the argument, as Godel pointed out, is that the 
relativity of simultaneity and, by implication, assertions of the objective succes¬ 
sion of events lose their objective meaning, because observers can never share a 
universal Now, nor agree on the ticking rates of their respective clocks. As 
Einstein’s train thought experiment demonstrates, if the platform observer judges 
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the strikes of lightning as simultaneous, this is, according to Godel, not an 
objective statement ‘in so far as another observer, with the same claim to cor¬ 
rectness can assert that A and B are not simultaneous’ (Godel 1949, 557). This 
argument, seen against the backdrop of Kant’s philosophy, highlights the role of 
observers in the judgment of simultaneity. The appeal to observers, which is a 
standard technique in textbooks on relativity, can be misleading because observers 
are sentient beings, equipped with a perceptual apparatus, who, as Kant pointed 
out, perceive change according to their sensibility. If the perception of simulta¬ 
neity is made observer-dependent, as the quotes above suggest, the alliance 
between Kant’s idealism about time and the Special theory is easy to seal. If 
simultaneity is relative, so Godel continues the argument, then the lapse of time 
cannot ‘consist of an infinity of layers of “now”, which come into existence 
successively, in an objectively determined way’ (Godel 1949, 558). Thus Godel 
steps from a physical notion of time to a human notion of time. 

Each observer has his own set of nows and none of the various systems of layers can claim 

the prerogative of representing the objective lapse of time, (Godel 1949, 558) 

This image of being has become known as the block universe, the modern 
equivalent of Parmenidean stasis. The observers only have a perspectival view of 
the four-dimensional block. As the clocks are path-dependent, it seems that time is 
mind-dependent. Strictly speaking, the passage of time in the Special theory does 
not itself depend on the perception of observers but on the ticking rate of clocks. 
The observers read time from the respective clocks (proper or coordinate time), 
and infer that time is a human construction. 

The inference has a curious consequence: if two observers, who are in inertial 
motion with respect to each other at relativistic speeds, infer from the time dilation 
effect that time must be ‘unreal’, they would have to conclude that time is ‘real’ 
when their velocities reduce to non-relativistic values, since in this case their 
proper times agree. It may be concluded from this curious effect that inferences to 
the block universe are unreliable. 

It should be noted that Godel, like many of the writers who endorse the block 
universe, assumes that the stasis of the physical world is a deductive consequence 
of the Special theory of relativity. We will soon explore whether stasis or flux are 
merely conceptual consequences of space-time theories, and whether alternative 
representations of space-time may lead to different inferences regarding the nature 
of time. As it turns out the implications of the block universe can be taken much 
further. 

Not only has the block universe been taken as a deductive consequence of the 
Special theory of relativity, it has also featured as evidence of extreme deter¬ 
minism and even fatalism of human existence. Consider determinism. The block 
universe stands for the aforementioned denial of the objectivity of becoming. The 
passage of time is a human construction such that the difference between past, 
present and future is a human illusion or at least an epiphenomenon of the structure 
of the human mind. The illusion is due, according to these writers, to the three- 
dimensional slicing of the four-dimensional world. As Minkowski’s space—time is 
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a geometric representation of the Special theory, the totality of the history of 
events is spread out eternally along world lines within the light cone structure. It is 
a four-dimensional Being, in which things do not happen. There is no temporal 
becoming. Events are just there, like the frames of a film. But human beings 
perceive the passage of events as if they came into being. Humans employ a 
‘3 + 1’ view of the physical world, in which they become conscious of ever more 
of Minkowski’s ‘world points’ or events whose history is inscribed in the world 
lines. Wells' time traveler describes human consciousness as moving along the 
time line, thus creating the impression of change and novelty. Such a limitation 
would not apply to a Laplacean demon, who perceives space-time and its world 
lines in one fell swoop. 

Space-time and the world lines, which furrow through it, lie before the eyes of 
a Laplacean demon like a landscape in four dimensions. Becoming and the passing 
of events are relative to the perceptual mode of living beings. Living creatures are 
compelled to explore little by little the content of the four-dimensional world, as 
each travels on a time-like trajectory in space-time. But for a Laplacean demon 
everything is already written down, from past to future. 

Nature will take one of the alternatives open to her, and it is this that we must imagine 
inscribed, even though we do not know what ‘it will be". (Costa de Beauregard 1966. 430; 
1987) 

If past and future are already determined and events exist eternally, their 
grooves etched into space-time, it seems that the Special theory can also be 
mustered to embrace a fatalistic view of human existence. 

In the Minkowski four-dimensional world, there is no free will since the entire history of 
every object is realized and given once and for all as the object’s worldtube. Therefore, 
free will may exist only in a three-dimensional world. (Petkov 2005. 152; cf. Lockwood 
2005, 162-164, 254-256; Weyl 1976) 

It may appear shocking that no free will exists if the world is a four-dimensional 
stage, on which our life events are entirely predetermined (Petkov 2005, 152)—but 
only if fatalism and determinism are accepted as deductive consequences of the 
Special theory. However, a denial of free will follows as little from the principles 
of the Special theory as the Laplacean demon’s four-dimensional landscape. The 
conception of the block universe derives from Minkowski’s geometric model, 
which is based on his world postulate. Its proponents regard the philosophy of 
being as a deductive consequence, when it is in fact a conceptual consequence of a 
certain geometric representation of the Special theory. If this is correct then a 
different representation of the Special theory should lead to different conceptual 
consequences. Such an alternative view has been in circulation since the early part 
of the twentieth century; according to it the nature of space-time has to be 
modelled on the behaviour of light rays (Robb 1914, Cunningham 1915, 
Caratheodory 1924, Schlick 1917, Reichenbach 1924a/1969). These so-called 
axiomatic approaches constitute a light geometry, according to which the behav¬ 
iour of signal propagation, under thermodynamic aspects, forms histories of 
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trajectories in space-time. It should therefore be investigated whether an alter¬ 
native representation of space-time may give rise to a different inference regarding 
the nature of space-time. And if it does what follows from this inference regarding 
the temporality or atemporality of the physical world? 


3.7 An Alternative Representation of Minkowski 
Space-Time 


The notion of a temporal flow can never be obtained from the scheme of Minkowski. 

(Gunn 1930, 213) 

Since Minkowski’s introduction of the conception of four-dimensional space-time 
(1908) a minority view has subsisted in the shadows of the majority view. The 
majority view is the Parmenidean block universe, aptly expressed in Einstein’s 
words: ‘From a “happening” in three-dimensional space, physics becomes (...) an 
“existence” in the four-dimensional “world”’ (Einstein 1920, 122). Although 
Einstein’s early commitment to the block universe was inspired by Minkowski’s 
world postulate, in his later years Einstein wavered in his support for the Par¬ 
menidean view. He began to consider thermodynamic aspects of the propagation 
of signals in space-time (cf. Sect. 3.8.2). This alternative view, which is notable 
for its Heraclitean ancestry, had its predecessors in the axiomatic approaches 
adopted by Robb (1914), Caratheodory (1924) and Reichenbach (1924a/1969). 
It avoids the binary choice into which McTaggart’s metaphysical speculations 
seem to lure us: either we accept a dynamic A-series or the static B-series, but in 
either case time appears to be unreal. The alternative view offers the conceptual 
possibility of a dynamic space-time model, which is nevertheless rooted in the 
B-series. This view is worth exploring for two reasons: it brings to the fore 
thermodynamic aspects, which are particularly important for an assessment of the 
arrow of time, and it allows us to fully accept the consequences of the theory of 
relativity, without endorsing the Parmenidean view of the block universe. 

But how is this schematic programme to be cashed in? What does it mean that 
space-time trajectories have a history? To answer these questions we do well to 
look at some attempts to construct axiomatic accounts of space-time, which do not 
start from Minkowski’s ‘absolute world postulate’, a ‘four-dimensional contin¬ 
uum’ described by the “co-ordinates” x 1; x 2 , x 3 , x 4 . Reichenbach, Robb and 
Caratheodory developed, apparently independently of each other, such axiomatic 
accounts, which start from a basic ‘before-after’ relation between null-like related 
instants. Although these instants are represented in geometric terms, they are 
crucially based on optical facts, like the emission and absorption of photons. The 
propagation of these signals constitutes an invariant conical order under the 
Lorentz transformations. The null-like and time-like trajectories between space- 
time events form the Minkowski world lines of light signals and material particles, 
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respectively. The propagation of these signals constitutes a history of space-time 
relations, which may include both kinematic and dynamic aspects. 1 " It may be said 
that the axiomatic approaches lead to the view of a ‘growing block universe’. 
These axiomatic attempts reverse the usual tendency to ‘spatialize time’. 

3.7.1 Alfred Arthus Robb’s Account 

A. Robb (1873-1936) starts with the thesis that ‘spacial relations’ may be analyzed 
in terms of the temporal relations ‘before’ and ‘after’ or, as he concludes, ‘that the 
theory of space is really a part of the theory of time’ (Robb 1914, Conclusion). 
Essential for this conception is the notion of conical order, which is analyzed in 
terms of the relations of ‘before’ and ‘after’ instants of time. An instant (an 
element of time) is the fundamental concept, rather than the space-time event. 
Furthermore the ‘before-after’ relation of two instants is an asymmetrical relation. 
In this way Robb builds a system of geometry, in which we encounter the familiar 
light cones of the Minkowski representation of space-time. But Robb reverses the 
Minkowski approach in terms of geometrical relations and starts from physical 
(optical) facts, an approach, which is reflected in Einstein’s later reservations about 
the block universe. 

If a flash of light is sent out from a particle P at A lt arriving directly at particle Q at A 2 , 
then the instant A 2 lies in the a-subset of instant Ai, while the instant A| lies in the 
8-subset of A 2 . Such a system of geometry will ultimately assume a four-dimensional 
character or any element of it is determined by four coordinates (...). It appears that the 
theory of space becomes absorbed in the theory of time. (Robb 1914, 8-9) 

Here the a-subset is the future light cone of instant A, and the 6-subset is the 
past light cone of A 2 (Fig. 3.14). The most interesting aspect of Robb’s axiomatic 
system is that it regards Minkowski’s contribution as ‘merely analytical’ and 
treats the geometry as a ‘formal expression’ of optical facts, like the propagation 
of signals in space-time. Thus Robb unwittingly opens up the possibility of 
considering kinematic space-time relations with respect to other physical aspects 
of space-time, since his declaration that ‘a before-after relation of two instants is 
an asymmetrical relation’ (Robb 1914, 5) will be based on thermodynamic 
aspects of electromagnetic radiation, like, for instance, the irreversible dispersion 
of signals (Fig. 3.16). Robb’s approach was further developed by Constantin 
Caratheodory. 


10 Huggett (2006, 47) defines a ‘relational state as a specification of the totality of relations, mass 
and charges of bodies at a time’. See also Penrose/Percival (1962, Sect. 2). 
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Fig. 3.14 Light cones in 
Robb's system. 
‘Corresponding to any point 
in space, there is an a-cone of 
the set having that point as 
vertex, similarly there is also 
a 13-cone of the set having the 
point as vertex. If A! be any 
point and a, the 
corresponding a-cone, then 
any point A 2 is after A 1 , 
provided A t ^ A 2 and A 2 lies 
either on or inside the cone 
a,’ (Robb 1914, 5-6) 



3.7.2 Constantin Caratheodory’s Account 

Before Caratheodory (1873-1950) turned to the theory of relativity, he worked on 
the theory of thermodynamics, in an attempt to develop a rigorous formulation of 
the Second law (Uffink 2001, Sect. 9). When Caratheodory (1924) turned to the 
Special theory he took a similar approach to Robb’s but with fewer axioms and 
postulates. Caratheodory aims at a simplification of Einstein’s theory: it is to be 
based on temporal relations (earlier, later, and simultaneous) but these temporal 
relations are based on the behaviour of light signals. Caratheodory, in fact, 
constructs what Reichenbach (1924a/1969) calls a ‘light geometry’, whose axioms 
are based on empirical facts. 
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The main purpose of these axiomatic approaches is therefore to develop the 
Special theory as a light geometry, whose axioms are based on optical facts. It 
does not start with an assumption of the existence of the four-dimensional Min¬ 
kowski ‘world’—which is pseudo-Euclidean and in which the linear homogeneous 
functions x 1; x 2 , x 3 , x 4 permit a rotation to primed functions x',. x' 2 , x' 3 , x' 4 by the 
transformation rules of the Poincare group. The axiomatic approaches start with 
‘optical facts’, like the propagation of light signals. The Robb-Caratheodory 
representation implies that the four-dimensional world does not ‘exist’ but it 
‘happens’ through the propagation of time-like signals between successive instants 
in space-time. These approaches therefore reverse Einstein’s famous step from 
becoming in the three-dimensional world to being in a four-dimensional world 
(Einstein 1920, 122). As the world lines propagate through space-time, they form 
a history of space-time relations in a conical order. 

This perspective allows us to spell out what Minkowski meant when he con¬ 
ceded that a ‘necessary’ time order can be established at every world point. What 
does it mean that space-time trajectories acquire a history? The purely geometric 
representation of space-time did not yield an answer to this question. In such a 
situation it is often advisable to switch to a different perspective, to a different 
representation, as it is encapsulated in the axiomatic approaches. The Special 
theory, in terms of Einstein’s reference frames and Minkowski’s world lines, is 
only concerned with kinematic relations. The proponents of the block universe 
take such kinematic aspects—the differential ticking of clocks and the 
non-simultaneity of events—as a basis for the inference that time does not exist in 
four-dimensional space-time. This view is strongly encouraged by the geometric 
representation of space-time. But if the construction of space-time models starts 
from optical facts, thermodynamic aspects of the propagation of signals need to be 
taken into consideration. But even such aspects must satisfy the essential 
requirements for the measurement of time: regularity and invariance. With regu¬ 
larity conserved within coordinate systems but invariance lost across them, trouble 
seems to loom. As clocks across coordinate systems, moving at constant velocity 
with respect to each other, are not synchronized and therefore appear to run slowly 
respectively, it seems that the block theorist is justified in making the conceptual 
inference to the atemporality of the physical world. The passage of time seems to 
be a human construct, in the Kantian sense. 

Is the Special theory definitely incompatible with a Heraclitean view? The 
question is whether there exist regular, yet invariant relationships, which could 
yield some information about the nature of time. Einstein considered that the main 
thrust of the Special theory did not consist in frame-dependent but frame-inde¬ 
pendent (or invariant) properties. In fact he would have preferred to call his 
Special theory of relativity the theory of invariants. On the geometric model of 
space-time there is only one significant invariant, namely the space-time interval 
ds, which makes the order of events in Minkowski space-time invariant for all 
time-like related events. But the interval ds does not help to measure time, since it 
computes an invariant distance between two events in space-time, which have 
non-invariant spatial and temporal coordinates in each frame (see Fig. 2.23). 
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The other invariant, c, constitutes the null-like separation of events but on 
this boundary of the light cones ‘time stands still’, since ds 2 = dt 2 — dx 2 — dy 2 — 
dz 2 = 0. The axiomatic approaches, however, are based on optical facts, which 
seem to suggest a dynamic view of time. On the axiomatic approaches light signals 
actually propagate between events in space-time, which requires time and leads to 
dispersion effects and asymmetry. The question then arises whether from this 
perspective there exist further invariant relationships, which could serve as a basis 
for the measurement of the objective passage of time. 

3.8 Space-Time and Invariance 


It is only through light that time ends. (Shallis 1983, 159) 

There exists an alternative representation of Minkowski space-time, which does not 
imply a four-dimensional block universe as a conceptual consequence. The axi¬ 
omatic approaches start from the physical propagation of signals in space-time, and 
lead to a light geometry. The question is whether the axiomatic approaches can avoid 
the conclusion, inherent in the geometric approach, that time is merely perspectival. 
Clock readings are relative to the state of motion of the observer because the ticking 
rates of the clocks seem to be a function of the perspective of the observer, as 
expressed in the difference between proper and coordinate time. On the geometric 
approach this perspectivalism seemed to justify the claim that time is a mental 
construct and the physical world is atemporal. One way to overcome this perspec¬ 
tivalism is to focus on some invariant relationships, on which both observers can 
agree. Recall from our earlier thought experiment that if Archimedes and Eratos¬ 
thenes were to coordinate their respective lunchtime meetings they must use some 
invariant relationship—the motion of the sun in their case—to calculate the time in 
each other’s frames. Let us then investigate systematically the invariant relation¬ 
ships, which are available in Minkowski space-time, both on the geometric and the 
axiomatic approaches. The invariants were introduced in Chap. 2 in order to dis¬ 
tinguish them from the perspectival measurements of spatial and temporal distances 
between events. In the present context they serve to investigate what they tell us 
about the nature of measurable time. 

3.8.1 Invariant Relationships c and ds 

Generally, an invariant feature of some system is one which remains constant 
when the system is subjected to some spatial or temporal transformation. 11 For 
instance, person P who travels from location L! to location L 2 undergoes a change 


11 The transformation may be passive, in which case the same system is considered from 
different perspectives (like temperature in Celsius and Fahrenheit) or active, in which case the 
system itself undergoes the transformation (like a change of location in space or time). 
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in spatial and temporal coordinates but P has still the same identity on arrival at L 2 . 
So P is invariant through the spatial transformation L, —> L 2 , and the temporal 
transformation to —^ ti. Equally a tennis player who travels from one tournament 
to another undergoes many spatial and temporal changes, but the physics of tennis 
is the same wherever and whenever the game is played. Invariant features are 
usually determined by so-called transformation rules, which describe both which 
parameters change and which parameters stay invariant. The Lorentz transfor¬ 
mations are an important set of transformations rules, which allow observers, 
moving inertially with respect to each other at relativistic speeds, to calculate the 
effect of motion on their respective clocks: 

y 

z 

x — vt 

TmW < 3 - 5 > 

<-07cO 

\A 

According to these transformation rules, t does not remain invariant across two 
systems in inertial motion with respect to each other, which leads to the effect of 
time dilation. But the rules themselves are invariant for all observers. We do not 
expect Archimedes and Eratosthenes, who reside at different locations, to conclude 
that midday is an illusion, from the fact that it occurs at different times for them. 
Analogous to Archimedes and Eratosthenes, two observers in relative motion with 
respect to each other can use the Lorentz transformations to calculate each other’s 
clock time. They translate proper time into coordinate time and vice versa. All 
observers, who are time-like related, experience the order of succession of events 
as invariant, although they disagree both about the simultaneity of events and the 
amount of time, which appears to elapse between them. It is difficult to see why 
perspectival clock readings should lead to the conclusion that time is a human 
construction. It is true that such perspectivalism would be justified if no trans¬ 
formation rules existed, for then it would indeed be impossible for two observers 
to compute each other’s clock time. There would indeed be as many times as there 
are reference frames. This situation would be comparable to the existence of two 
languages, without any commonality between them and hence no dictionary, 
which would make it impossible to translate one into the other. But languages are 
intertranslatable because many of their words refer to a shared physical world. The 
translation rules between languages ensure that communication between different 
language speakers is possible. Similarly, although the clocks in Sydney are twelve 
hours ahead of the clocks in London, everybody knows how to correct for this time 
difference without the slightest suggestion that the nature of time is merely per¬ 
spectival. The correction is possible because it is based on the regular motion of 
the Earth on its own axis. In the same way the Lorentz transformation rules, which 
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are invariant for all inertial observers in space-time, ensure that the clock readings 
can be translated into each other. It is essential to realize, however, that the relative 
speeds between the two frames must be known. Consider a variation of Einstein’s 
train thought experiment (Fig. 2.18): the train-bound traveller and the platform- 
bound observer both agree to blow a whistle to indicate when the bolts of lightning 
have struck the train. The platform observer, knowing that the train-bound 
observer will receive the message from the two lightning events at different times, 
can calculate when the signals from both ends of the train meet for the train 
passenger and then blow the whistle. The blowing of the whistle by the platform 
observer will then coincide with the blowing of the whistle of the train passenger. 
This exercise will indicate the simultaneity of the whistle sounds but not the 
simultaneity of the lightning events. Alternatively, the train passenger may decide 
not to remain in the middle of the train but to calculate at which point on the 
moving train the two light signals will meet and position her-/himself there. Under 
this arrangement the train passenger and the platform observer will agree that bolts 
of lightning arrive at the same time but not at the same place. Admittedly these 
manoeuvres do not replace clocks but they illustrate that the availability of some 
transformation rules allows observers in different coordinate systems to compute 
each other’s clock times. 

In the light of these considerations, it is worth reviewing some of the invariant 
relationships which were already encountered in Minkowski space-time. 

• In both the geometric and the axiomatic approaches, the speed of light, c, is 
invariant. In the geometric approach the speed of light, c, is not treated as a 
physical signal but as a causal limit of the propagation of other physical signals 
(Fig. 3.10). The axiomatic approach treats the propagation of light as an optical 
fact. If light signals are available to two observers in space-time, they can signal 
each other—for instance to inquire, how much time has elapsed in their 
respective frames. Whilst the velocity of light, c, is the same for all observers in 
Minkowski space-time, the problem is that the propagation of light signals 
between space-time events has certain limitations for the measurement of time. 
The fact is that the direction and the frequency of a light ray depend on the 
relative properties between the frame and the light source. First, the direction of 
a light ray depends on the relative angle between the frame and the light source. 
This phenomenon is known as aberration (Giulini 2005, Sect. 3.6). Furthermore, 
if the two observers exchange light signals between each other, they will be 
subject to the relativistic Doppler Effect, which affects both the frequency, v, 
and wavelength, 2, of the signal, respectively. Consider two twins who decide to 
run an experiment. One will stay on Earth and the other will travel to a distant 
star and then return to Earth. The two brothers will be perfectly aware that they 
will have to deal with time dilation effects. But they will be able to make 
corrections, which will allow them to compute each other’s clock times. They 
can even send regular signals to each other and, using the formulae for the 
relativistic Doppler Effect, this procedure enables them to calculate how many 
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signals arrive at each other’s end. The numbers will not be the same; in fact the 
earth-bound twin will receive fewer signals from his space-travelling brother 
than vice versa. He will thus be able to calculate how much younger his brother 
will be when he returns to Earth. But the brothers would have no reason to 
conclude that time is an illusion. 

• Another invariant relationship is the space-time interval, ds, which starts from 
the well-known fact that separate measurements of spatial and temporal lengths 
in Minkowski space-time are subject to the phenomena of time dilation and 
length contraction. This has the result that observers, who are attached to dif¬ 
ferent coordinate systems, moving inertially with respect to each other, will not 
agree on (a) the simultaneity of two events (Fig. 2.21), (b) the temporal duration 
of events (Fig. 3.15), (c) the spatial lengths of rods. For these observers the 
clocks run regularly within their respective frames, but as their clocks are not 
synchronized, the ticking of the clocks is not judged to be invariant across their 
inertial frames. However, if the observers unite space and time, in Minkowski’s 
words, then they will agree on the space-time interval ds such that 

ds = ds' (3-6) 

but this equality cannot serve as a clock. The space-time separation, ds, of 
events in space-time is invariant even though the observers record different 
clock times in their respective frames (Fig. 2.23). This means that observers 
will agree on a basic succession of events in space-time, as long as the pos¬ 
sibility of a causal signal connection between them exists. Thus they will 
disagree on the simultaneity of events but agree on their order and space-time 
separation. Time order of events is invariant within the respective light cones 
but this invariant order cannot serve as a clock. Nevertheless, the space-time 
interval ds can be used by different observers to compute their respective clock 
times, which may prevent them from concluding that time is a human illusion 
(cf. Geroch 1978). The geometric representation does not encourage the view 
that the invariants c and ds reveal a more dynamic view of time. But just as an 
alternative interpretation is possible with respect to c, so it is possible with 
respect to ds. 

The geometric approach, although very much entrenched, is not the only model 
of space-time; the optical approach represents quite a different picture. On the 
optical approach, Minkowski space-time travellers can exchange light signals to 
communicate with each other. There is a complication (the afore-mentioned 
Doppler Effect) but it does not affect the ability of observers to compute each 
other’s clock times. Thought experiments, like the bolt of lightning case or the two 
spaceships crossing each other in space, have been used to illustrate the lack of 
absolute simultaneity; and the conclusion of relative simultaneity seemed to justify 
the conceptual inference to the block universe. However, this inference is not the 
only alternative. It is true that the ticking rate of clocks is not invariant across the 
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Fig. 3.15 Time dilation. When t = 1 in the stationary frame, the clock in the moving frame 
indicates f = 4/5, which makes the moving clock appear to run slow from the perspective of the 
stationary frame (Sexl and Schmidt 1978, 115). As we know from Fig. 2.23 (Chap. 2), the space- 
time interval, ds, between two events is invariant 


respective coordinate systems, but this situation is essentially not different from 
our thought experiment, involving Archimedes and Eratosthenes. Although they 
disagreed about when it was midday in their respective locations, due to their 
spatial separation, they could use their knowledge of the sun’s motion and the 
distance between them to calculate when midday would occur in each others’ 
location. This disagreement does not justify the conclusion that midday is a human 
illusion; equally for the train passenger and platform observer. As clock times are 
path-dependent, their clocks seem to tick differently, as judged from each other’s 
reference frame, but they can refer to the Lorentz transformation rules and the 
space-time interval, ds, which are invariant across frames. Hence they can cal¬ 
culate each other’s clock times. This differential ticking of clocks does not justify 
the inference to the block universe. It is true that they judge each other’s clocks as 
running ‘slow’, and if there were no transformation rules, or if they were not 
invariant, then indeed there would be no basis for agreement. But as the trans¬ 
formation rules are the same for all inertial travellers, they can easily arrange a 
situation whereby ‘delayed’ simultaneity = clock ticking rates plus transformation 
rules. What is more, the axiomatic approach reveals other invariant relationships, 
which may be used by different observers to agree on their respective clock times. 
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3.8.2 Thermodynamic Clocks 

In the light of the axiomatic approaches it can be asked whether it would be 
possible to construct a clock, based on invariant relationships, derived from 
thermodynamics, which is frame-invariant. This investigation is particularly 
important in the light of the claim that 'the only invariant time interval between 
events is the interval of proper time’ (Denbigh 1981, Chap. 3, Sect. 6; cf. van 
Fraassen 1970, Sect. V.4; Davies 1974, Sect. 1.3; Whitrow 1980, Sect. 6.2; Hoyle 
1982; Petkov 2005, Sect. 4.4). 

The axiomatic approaches are based on optical facts and this gives rise to two 
considerations. 

1. Are there other invariant relationships in Minkowski space-time, which could 
offer a means of measuring the objective passage of time? 

2. Signals propagate in space-time at a finite velocity but signal propagation 
brings thermodynamic aspects into focus. What does thermodynamics tell us 
about time? 

These aspects become manifest in Einstein’s objections to Godel’s interpreta¬ 
tion of space-time in terms of Kantian philosophy. As pointed out above Godel 
argued that the lack of absolute simultaneity in Minkowski space-time meant that 
there was no universal Now, and hence no objective passage of time. In a char¬ 
acteristic thought experiment, Einstein considers the emission of a signal from a 
point A, whose source is located in the past light cone of an observer at Here-Now, 
P, to a point B in the future light cone of the observer (Fig. 3.16). 

According to Einstein this process is irreversible. On thermodynamic grounds 
he asserts that a time-like world line from A to B, through P, takes the form of an 
arrow, which sees A happen before B. Note that this order of events would be the 
same for all time-like related observers. According to Einstein this process secures 
the 

‘one-sided (asymmetrical) character of time (...), i.e. there is no free choice for the 
direction of the arrow'. (Einstein 1920, 139-141; 1949, 687; cf. Capek 1966, 434-435; 
Hoyle 1982, 103-105; Petkov 2005, 189, 229) 

In his objection to Godel, Einstein hints at thermodynamic aspects of signal 
propagation in space-time, which usually are not included in discussions of the 
Special theory. The asymmetrical character of time is here described as a funda¬ 
mental ‘before-after’ relation between events A and B but it is based on a physical 
property of signal propagation between these events, without recourse to an 
observer. There is an earlier emission event, at A, and a later reception event, at B, 
and it takes time for the signal to travel from A to B. Furthermore, certain 
asymmetric effects may occur between A and B, like the Doppler shift. Prompted 
by Einstein’s thought experiment and consistent with the axiomatic approach we 
should investigate thermodynamic properties of signal propagation and see what 
they tell us about the passage of time. 
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Fig. 3.16 Arrow of time, 
following Einstein’s 
consideration of the (local) 
direction of time in response 
to Godel’s idealistic 
interpretation of the Special 
theory of relativity. A time¬ 
like world line runs from 
event A to event B, where 
both points lies within, not 
outside, the light cone. A and 
B are linked by an irreversible 
signal (Einstein 1949, 687) 


4 [B 



• In his thought experiment Einstein identifies the irreversible process of signal 
propagation with ‘the arrow of time’. As we have seen (Chap. 2), and will 
discuss further (Chap. 4), the increase of entropy cannot simply be identified 
with the arrow of time. But the observer at P would certainly be entitled to infer 
that his local passage of events indicated the anisotropy of time in his local 
neighbourhood. The increase in entropy in thermodynamic systems is certainly a 
regular process—based on the Second law of thermodynamics—but the crucial 
point is that entropy is frame-invariant. In fact, in thermodynamic systems, 
moving with velocity, v, several thermodynamic parameters remain invariant. 
According to Max Planck (1907), the following invariant relationships hold in 
relativistic thermodynamics: 

p = p 0 ,n = n 0 ,S=S 0 . (3.7) 


In order to see how thermodynamic properties of systems could form the basis for 
frame-invariant clocks, consider Einstein’s train thought experiment in a slightly 
different version. (It will be useful to recall that mechanical clocks are not 
necessary for the measurement of time, as Galileo demonstrated with his ‘water 
clocks’.) 

• The passengers on the train are drinking coffee as the train rushes through the 
station, in whose restaurant travellers are also enjoying a cup of coffee. It is 
assumed that the coffee of the train passengers at the beginning of the exper¬ 
iment has the same temperature as the coffee in the platform restaurant. But 
does the coffee on the train become hotter than it is on the platform due to the 
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high speed of the train? Simulations of the molecular dynamics of relativistic 
gases have shown that the temperature of a moving body does not seem to 
depend on the state of motion of the object (Cubero et al., 2007; Landsberg 
1966, 1967). This finding seems to suggest that coffee would not change its 
temperature at relativistic speeds. Statistical data allow the definition of a 
relativistic temperature and the construction of a statistical thermometer, 
which the respective observers could, in principle, use to determine time. For 
instance, two travellers in space-time could decide to perform a certain action 
in their respective frames at a pre-arranged ‘thermostatic time’, when their 
respective thermometers show the same temperature. They could be certain 
that their respective thermostats suffer no relativistic effects, that they work 
according to lawful regularities, and hence that the temperatures are the same 
for both observers. The practicality of such an arrangement may be questioned 
but relativistic thermostats satisfy the two requirements for the measurement of 
time: regularity and invariance. Furthermore, as the thermostats reach the 
agreed temperature, the two observers will be in no doubt about the order of the 
succession of events. Note that what is Lorentz invariant is the temperature of 
the body, which the two observers measure. This means that moving bodies 
would appear neither hotter nor colder. But if temperature is invariant the 
thermostat can be expected to behave in the same manner whether it sits on the 
train or on the platform. Under these conditions temperature could be used to 
measure the passage of time in an objective manner. This argument is offered 
under one proviso: there is as yet no definite agreement about the behaviour of 
temperature at relativistic speeds. ‘Thermostatic’ time is at present a mere 
theoretical possibility (see Weinert 2010a, b for further discussion). 

Leaving temperature aside, a similar conclusion can be drawn from the con¬ 
sideration of entropy and pressure in relativistic systems. 

• Is it, for instance, conceivable to build a gas clock, which uses the invariance of 
p? Such a clock could be made of ‘two chambers with a small connecting tube 
through which gas can leak from one chamber to the other’ (Schlegel 1968, 
137). Observers in relativistically moving systems know the pressure is invariant 
(where pressure is force per unit area), so that the relationship p = po could be 
used to coordinate activities in relativistically moving systems. 

• The frame-invariance of entropy means that in both systems, moving inertially 
with respect to each other, the entropy of a body in thermodynamic equilibrium 
increases in a similar way and is not dependent on the velocity of the body 
(Mpller 1972, 237; Landsberg 1978, Sect. 18.5). Entropy is thus Lorentz- 
invariant and depends on the internal micro-state of the system. This can be seen 
directly from the definition of entropy in statistical mechanics: 

S = k\nN (3.8) 


The number of microscopic states, N, which correspond to a given macro-state, 
does not depend on the velocity of the thermodynamic system. This feature of 
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thermodynamic systems would give observers in different coordinate systems the 
possibility of taking the rise in entropy of a body as a basis for measuring the 
passage of time. The Lorentz-invariance of entropy in statistical mechanics is 
derived from the definition of entropy: S = klogN 0 . As N = N 0 —so that the number 
of micro-states, N, does not depend on the velocity of the thermodynamic system— 
we also have S = klogN, and hence the invariance of entropy S = S„. It follows 
from this equation that, again, when the entropy reaches a certain state in one 
system, by the spreading of micro-states into the available phase-space, two 
observers can perform a prearranged action in their respective systems 
simultaneously. Note that the spreading of the micro-states into the available 
phase space is a function of time, and this spreading of micro-states into phase- 
space occurs at the same rate. The spreading rate can therefore be used to define an 
entropy clock, £. Hence observers in two relativistically moving systems can use 
the rate of spreading of the micro-states, which according to the equation, S = S Q , 
must be invariant, as a way of measuring the objective, frame-independent passage 
of time. Even the fact that one of the two systems, with an entropy clock £' attached 
to it, must be accelerated to reach its relativistic velocity does not change the 
invariant rate of entropy increment, 5S, in the accelerated system. If we consider the 
velocity increase in the E'-clock as <5v, then the invariance theorem can be written 
as d/dv(8S) = 0, and hence the change in velocity has no effect on 8S. 

We must take it, then, that the X'-clock while being accelerated gains the same increments 
SS which comparable X clocks are gaining; if it were otherwise, entropy would not be 
independent of velocity. In the limiting case of zero velocity increments, we must also 
have the same entropy increments for the X and X' clocks, and hence also the same 
increases in clock readings. We conclude that similar entropy clocks, in relative uniform 
motion, will run at the same rate. (Schlegel 1968, 148; cf. Schlegel 1977) 

Once again, then, two observers who use entropy clocks will know that the 
invariance of 5 ensures both an objective measurement of the passage of time in 
their respective systems and the simultaneous performance of pre-arranged actions 
in their respective systems. It is important to stress that these considerations do not 
question the validity of the relativity principle and do not give rise to notions of 
‘absolute simultaneity’ or motion. Thermodynamic invariants, like pressure or the 
number of micro-states, reveal no information about the motions of the observers. 
Nor do thermodynamic clocks show the ‘correct’ time but are simply particular 
physical systems amongst other physical clocks. It remains true that there as many 
clocks as there are reference systems. But thermodynamic clocks show that, if 
relativistic thermodynamics is taken into account, new invariant relationships 
come to light, which can be exploited for the objective measurement of the passage 
of time in relativistic systems. Hence, the usual claim that only the block universe 
is compatible with the Special theory may be doubted. This claim is based on the 
failure of invariance in the ticking rates of mechanical clocks, across two inertial 
systems moving relatively with respect to each other, and the relativity of 
simultaneity. It appears, then, that observers in Minkowski space-time cannot 
agree on the amount of time, which has elapsed between two events, which leads 
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to the usual questioning of the objectivity of time. If, however, invariant rela¬ 
tionships, like the spreading rates of entropic clocks can be found, then two 
observers can measure the passage of time between two events in space-time 
objectively. Then the image of the block universe, which appeared to be the only 
reasonable philosophical consequence of relative simultaneity, may be questioned. 
The Special theory of relativity may, after all, be compatible with a Philosophy of 
Becoming (cf. Kroes 1985, 62, 92-98; Horwitz et al. 1988). 


3.8.3 Philosophy of Becoming 

These considerations lead to two conclusions: (1) The standard representation of 
Minkowski space-time only takes kinematic considerations into account, whilst 
the axiomatic considerations allow the inclusion of thermodynamic aspects. (2) 
The geometric model of space-time is not the only representation; the image of 
timelessness, of static being, seems to be a conceptual consequence of this rep¬ 
resentation. The axiomatic representation opens up the possibility of including the 
role of entropy and other thermodynamic invariants in the consideration of time. 
Entropy is such a universal phenomenon—even involved in cosmological 
expansion—that it may serve as a valuable indicator of the objective passage of 
time (see Griinbaum 1955, 1967, Sects. 2, 3; Reichenbach 1956, Chap. Ill; Davies 
1974, 2004; Denbigh 1981; Ambegaokar/Clarke 1999). Thus entropy consider¬ 
ations will affect systems in Minkowski space-time, even though it is not cus¬ 
tomary to include such considerations in the presentation of Minkowski space- 
time. For inertial observers in Minkowski space-time worries about global time 
directions—questions of the cosmic arrow of time—in the universe do not arise. 
The framework of Minkowski space-time only allows a consideration of the 
anisotropy of time—in the sense of the measurable, objective passage of time—but 
not of a global arrow of time (cf. Griinbaum 1967, Sects. 1, 2; 1974, 790; McCall 
1994, 27). Questions about global time directions of the whole universe are the 
prerogative of cosmological theories, like the General theory of relativity. The 
reason for the restriction of Minkowski space-time to the passage of time lies in 
the topology of time. Observers in their respective coordinate systems may 
observe the anisotropy of time but the local passage of events is consistent with 
different topologies of time. According to the model of ‘closed’ time, the global 
time direction may be circular, in which case the universe will start from a Big 
Bang and eventually re-contract to a Big Crunch; or the global time direction may 
be linear, in which case the expansion of the universe will continue forever, 
towards a Big Chill (Fig. 2.5). In the first case, as will be discussed in Chap. 4, the 
global and local temporal directions will not agree, but they will agree in the 
second case. Minkowski space-time is not equipped to provide answers to these 
global considerations. For these considerations we are referred back to cosmology 
(Chap. 4). 
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‘Minkowski’ observes are faced with the question of whether time is merely 
relative—relative clock readings with respect to the velocity of their respective 
coordinate systems. If it is, then they cannot even agree on the simultaneity of two 
events from their respective world lines. They would be tempted to conclude that 
the passage of time is a human illusion and that Minkowski space-time represents 
a static Parmenidean block universe. However these observers would do well to 
heed a number of invariant relationships, both on the geometric approach (c, ds ) 
and the axiomatic approach (entropy, S, temperature, T). Such invariant relation¬ 
ships indicate an objective passage of time in Minkowski space-time. Observers 
will be able to witness a basic ‘before-after’ relationship between the emission and 
the absorption of electro-magnetic radiation or the spreading of thermodynamic 
states. The spreading of energy states is invariant across inertial coordinate sys¬ 
tems (Einstein 1907). Recall that invariance means that despite the perspectival 
view of clock readings, there are frame-invariant processes, from which an 
objective succession of events can be established in Minkowski space-time. These 
relationships are also regular enough to serve as a criterion for the measurable 
passage of time. For proponents of a dynamic view of time, the invariance of 
certain suitable processes puts the emphasis firmly on frame-independent aspects 
of the measurement of time. From this frame-invariance they infer a Philosophy of 
Becoming; a dynamic view of time, since thermodynamic processes are indicators 
of the anisotropy of time. But even though the Special theory may be compatible 
with a Heraclitean view of time, it is only an approximation to the General theory. 
The question arises whether such a Philosophy of Becoming is compatible with the 
General theory of relativity. 


3.9 The General Theory of Relativity 


One of the defining features of an expanding universe appears to be that its past must have 
been very different to its present. (Barrow 2008, 99) 

The Special theory may be compatible with the inference to the passage of time in 
the local neighbourhoods of inertially moving observers but the anisotropy of time 
may still be an illusion from a cosmological point of view. Gravitation, as dis¬ 
cussed in Chap. 2, affects the running of clocks in a similar way as the motion of 
inertial systems. The Special theory is only an approximation to the General theory 
in physical systems, where the effect of gravitation and acceleration can be 
neglected. There have been a number of attempts to show that the General theory 
also supports a timeless block universe. 

In contrast to his Special theory, Einstein’s General Theory of relativity (1916) 
is a cosmological theory. Einstein was motivated to construct such a theory 
because he found that even his Special theory gave an unjustified preference to 
inertial coordinate systems. The theory replaced the Newtonian notion of gravity, 
affecting the behaviour of bodies, by the notion of space-time curvature. 
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The curvature of space-time affects the ticking of clocks. A clock on top of a hill 
runs faster than a clock at the bottom of the hill because it is less affected by 
gravity. Bodies follow geodesics, which are paths of shortest length through 
curved space-time and of least curvature. For instance, if the universe is modelled 
as a sphere, like a giant planet, then geodesics are the great circle arcs on its 
surface. Einstein believed at first that his new theory required a static universe. But 
soon other cosmologists (Friedman 1922; Lemaitre 1927) found more dynamic 
solutions. In 1929 the work of Hubble confirmed that the universe was expanding. 
This discovery led from Hubble’s reasoning to the postulation of a Big Bang origin 
of the universe. If the universe is expanding so that the galaxies recede from view, 
according to Hubble’s law, then they must have been closer together at an earlier 
date. Working their way backwards, cosmologists postulated that our present 
universe originated in a Big Bang some 13.7 billion years ago. 

The General theory deals with the large space-time structures of the universe, 
and it shows how the running of clocks and the behaviour of light rays are affected 
by the presence of energy-matter fields. But the General theory says nothing about 
the origin of time. To deal with the extreme initial conditions near the Big Bang, 
the General theory must be replaced by quantum cosmology (cf. Halliwell 1994a). 
The origin of temporal asymmetry is often attributed to the initial conditions of the 
universe, in conjunction with the operation of the Second law of thermodynamics. 
The arrow of time is associated with entropy increase, and hence any answers 
regarding the cosmic arrow of time need to refer to thermodynamics, statistical 
mechanics and quantum cosmology. Before these questions are taken up (Chap. 4) 
let us first examine the claim that the General theory supports Parmenidean stasis, 
and then briefly consider the realism-relationism debate about the ontological 
nature of space-time. 

To repeat, the General theory reaffirms the relativity of temporal measurements, 
because the running of clocks is affected by gravitational fields. 12 Furthermore, 
the structure of the General theory, as a gauge theory, seems to suggest a 
fundamental timelessness in general relativity. These points become clearer if 
Einstein’s ‘point-coincidence argument’ is taken into account. Einstein affirmed 
that the General theory had deprived time of the last vestiges of reality (Einstein 
1916). 13 Einstein specifically claims that the laws of physics are statements about 
space-time coincidences. In fact only such statements can ‘claim physical exis¬ 
tence’ (Einstein 1918, 241; 1920, 95; cf. Norton 1992, 298). As a material point 
moves through space-time its coordinate system is marked by a large number of 
co-ordinate values x 1; x 2 , x 3 , x 4 ; x' b x' 2 , x' 3 , x' 4 and so on. This is true of any 
material point in motion. It is only where the space-time coordinates of the 


12 A clock at rest in strong gravitational field runs more slowly by a factor of 1 + < ~'^/ ( . 2 r than in 
a weaker field (Clemence 1966). 

13 However, we have observed that Einstein’s views on the nature of time changed from his early 
endorsement of the block universe to his later rejection of Godel’s argument against the passage 
of time. 
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systems intersect that they ‘have a particular system of coordinate values x,, x 2 , x 3 , 
x 4 in common’ (Einstein 1916, 86; 1920, 95). In terms of observers, attached to 
different coordinate systems, it is only at such points of encounter that they can 
agree on their temporal and spatial measurements. The point-coincidence argu¬ 
ment implies for Einstein ‘the unreality of time’ (cf. Lockwood 2005, 87). 

The reason for this conclusion is that the coordinates in the General theory are 
no longer read in a realist sense, as representing particular space-time points. As a 
material point moves through space-time, the coordinates of its coordinate system 
can be marked by a larger number of Gaussian coordinate values, x 3 , x 2 , x 3 , x 4 , 
where these coordinates are arbitrary symbols, deprived of any realist implications. 

We assign to every point of the continuum (event) four numbers, xj, x 2 , x 3 , x 4 
(co-ordinates), which have not the least direct physical significance, but only serve the 
purpose of numbering the points of the continuum in a definite but arbitrary manner. 
(Einstein 1920, 94) 

Particles share a particular system of coordinate values x l5 x 2 , x 3 , x 4 where their 
world lines intersect. The General theory, then, presents a situation in which 
arbitrary Gaussian coordinates, linked by (arbitrary continuous) transformations, 
can be used to describe a material point, which is either in inertial or accelerated 
motion. This characterization essentially re-affirms, in more abstract terms, the 
point made in the Special theory that there are as ‘many clock times as there are 
reference frames’, with the consequence that the objective passage of time seems to 
be illusory. Yet, as observed before, invariance plays a significant part in physical 
theories. It is obviously important that underlying these Gaussian coordinates there 
is some invariant structure. No conclusions regarding the ‘reality’ or ‘unreality’ of 
time should be drawn as long as the invariant features of the General theory have 
not been investigated. The fact that many different kinds of descriptions can be used 
to express the motion of material particles in space-time imposes a requirement 
called ‘covariance’: covariant laws must have the same form in every coordinate 
system and covariant transformations must leave the same invariant structure. 
Einstein calls this requirement ‘the general principle of covariance’: ‘Natural laws 
must be covariant with respect to arbitrary continuous transformations of the 
coordinates’ (Einstein 1920, 152-153). In modern space-time theories these gen¬ 
eral coordinate transformations are termed ‘diffeomorphisms’. 

The fact that the General theory is a gauge theory means that, due to its 
symmetries, the theory has a mathematical structure, which cannot simply be read 
as reflecting physical reality. As Einstein said, the dynamical variables of the 
theory can be expressed in a number of ways, and this freedom is expressed in the 
gauge symmetries. Gauge theories therefore raise philosophical questions 
regarding the ontological structure of space-time theories and the nature of time 
(cf. Rickies 2008; Dieks 2006a; Earman 2002). Much of these discussions result 


13 However, we have observed that Einstein’s views on the nature of time changed from his 
early endorsement of the block universe to his later rejection of Godel's argument against the 
passage of time. 
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from considerations of a particular symmetry operation, which characterizes the 
General theory, and results in diffeomorphism invariance. A diffeomorphism d is a 
one-to-one mapping of a differentiable manifold M into another differentiable 
manifold N. Then the question of invariance arises as diffeomorphisms (manifold 
transformations) are applied to manifolds M, N. It may be reasonable to suggest, in 
line with the consideration above, that what remains invariant are structural ele¬ 
ments: If (f> is a diffeomorphism (or symmetry transformation) between M and 
N— cf>: M —> N—then these manifolds have identical manifold structure and are 
physically indistinguishable. 

The General theory is characterized by mathematical structures or models of the 
form (M, g, T), where M is a four-dimensional manifold, representing space-time, 
g is a metric tensor field on M, and T is the stress-energy tensor, satisfying 
Einstein’s field equations. The class of models is diffeomorphism-invariant means: 
(M, g, T) is a model of the theory if and only if (M r , d*g, d*T) is also a model for a 
smooth one-to-one mapping or diffeomorphism (cf. Healey 2003, Sect. 4; 
Heinicke 2009; Rickies 2008, Chap. I). What remains invariant between these 
transformations is generally regarded as a candidate for the physically real: 

In general the physically significant properties of a theory's models are those which are 

invariant under arbitrary diffeomorphism. (Norton 1989. 1228; cf. Norton 1992) 

What are the invariants of the space-time models? One is the space-time 
interval ds. The space-time interval ds, in the presence of a gravitational field, now 
takes the general form: 

ds = gikdx'dx k (3-9) 

where the are functions of the spatial coordinates x 1 , x 2 , x 3 and the temporal 
coordinate x 4 . It is now this more general relation, which must remain covariant 
with respect to ‘arbitrary continuous transformations of the coordinates’ (Einstein 
1920, 154; 1950). 

However, as has been observed, the space-time interval, ds, is only useful for 
the measurement of time, in flat as well as curved space—time, in the sense that it 
allows observers to calculate their respective clock times. This fact in itself should 
make us hesitant about drawing the conclusion that time is unreal. These observers 
can calculate the respective ticking of their clocks and the elapsed time they would 
measure for certain intervals between two events (p, q) on their respective world 
lines; and hence there is no reason for them to conclude that time is unreal. The 
only permissible inference from the effects of time dilation due to frame velocity 
and gravitational effects is that the ticking rates of clocks are affected differen¬ 
tially, due to the path-dependence of clock time, resulting in the difference 
between proper and coordinate time. The very fact that from their respective world 
lines the observers can compute and predict the ticking of clocks on other world 
lines seems to suggest that time cannot simply be a human illusion. 

Nevertheless, from the structure of the General theory as a gauge theory several 
authors have inferred the ‘unreality of time’. 
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John Earman, for instance, has offered a reformulation of McTaggart’s argu¬ 
ment for the unreality of time in the General theory: 

(PI') There must be physical change, if there is to be physical time. (This 
premise harks back to the relationism of Saint Augustine and Leibniz.) 

(P2') Physical change occurs only if some genuine physical magnitude (a.k.a. 
“observable”) takes on different values at different times. 

(P3') No genuine physical magnitude countenanced in the General theory 
changes over time. 

From (P2') and (P3') Earman arrives at his first conclusion: 

(C') If the set of physical magnitudes countenanced in the General theory is 
complete, then there is no physical change. 

And from (PI') and (C') he arrives at his second conclusion: 

(C") Physical time as described by the General theory is unreal (Earman 
2002, 5). 

This argument has attracted much critical commentary (Maudlin 2002; Healey 
2002, 2003; Rickies 2008, Chap. 7). What is of interest in the present context is 
that according to Earman the frozen dynamic of the General theory implies the 
unreality of time; i.e. Earman infers the unreality of time from the structure of the 
General theory. To consider whether there is change (in the sense of McTaggart’s 
B-series), Earman focuses on ‘mathematical and perceptual representation’, rather 
than on the physical world itself (Earman 2002, Sect. 9). In this argument Earman 
seems to commit the mistake of deducing the presumed nature of space-time (its 
unreality) from the mathematical structure of a scientific theory. This is a sur¬ 
prising move since no philosophical claims about the nature of time can be 
deduced from the structure of a scientific theory because they are not built into its 
principles. In his article Earman considered whether (P3') is correct. But an 
equally important job is to examine the correctness of the steps from (P2') + (P3') 
to (C'). From the point of view of the present discussion such arguments leave out 
important considerations concerning the measurement of time in gravitational 
fields, as well as various invariants. In particular, 

we can have no empirical reason to believe such a theory if it cannot explain even the 
possibility of our performing observations and experiments capable of providing evidence 
to support it. And in the absence of convincing evidence for such a theory we have no 
good reason to deny the existence of time as a fundamental feature of reality. (Healey 
2002, 293-316) 

On an empirical level, it is the case that gravitation affects the running of 
clocks. Although clocks undergo time dilation, due to gravity in the General theory 
(as they suffer time dilation due to velocity in the Special theory), it does not 
follow from the diffeomorphism <fi: M —> N that there is no objective passage of 
time. The question of the measurement of time does not affect the diffeomorphism 
invariance of the space-time manifolds M, N but much more mundanely how two 
observers in two systems subject to gravitation (or acceleration) could measure the 
passage of time objectively. The question may be approached from the point of 
view of two twins who are each travelling in gravitational fields and who wish to 
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measure the passage of time. Would this be possible? In the light of what has been 
said before the question boils down to the role of thermodynamic variables in 
gravitational systems, since the twins cannot rely on their mechanical clocks. Does 
the invariance of, say, pressure and entropy extend to these systems? By the 
equivalence theorem of the General theory, the accelerating systems are equivalent 
to gravitational systems, and hence the relation “/^ V (0S) = 0 should apply in this 
case. And this is indeed the case (Misner et al. 1973, Chap. 22). Thermodynamics 
in curved space-time is the same as in flat space-time, whether it be relativistic or 
classical. Hence we find the same invariants as encountered before. What Misner 
et al. call the ‘thermodynamic potentials’, i.e. 

n = baron number density 
p = density of total mass-energy 
p = isotropic pressure in rest frame 
T = temperature in rest frame 
S = entropy per baryon in rest frame 

are invariant in curved space-time. 

Despite the use of rest frame to measure the potentials, the potentials are frame-inde¬ 
pendent functions (scalar fields). At the chosen event P 0 , a given potential (e.g. n) has a 
unique value n(P 0 ); so n is a perfectly good frame-independent function. (Misner et al. 
1973, 558) 

Hence two observers in curved space-time find themselves in the same situa¬ 
tion as those in flat space-time. And by the above arguments they are able to 
measure the passage of time, objectively, by the use of thermodynamic clocks. 

However, it may be objected that this argument only affects the passage of time 
in local neighbourhoods of curved space-time. Such observers would not be able 
to determine whether they find themselves on a closed time-like curve. On such a 
curve, by Godel’s argument, there would be no clear distinction between past and 
future, and hence time could still be unreal. Hence the argument must move from 
the investigation of the passage of time to an exploration of the arrow of time. 


3.9.1 GodeVs Argument for the Unreality of Time 

Kurt Godel also inferred the unreality of time from certain solutions of the General 
theory (Godel 1949). Godel’s arguments for the unreality of time from certain 
solutions in the General theory may be summarized as follows 14 : 


14 See Calosi (2009) and Dorato (2002) for careful reconstructions of Godel’s argument. The 
main text summarizes their findings. 
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I. Time is real only if there is an objective lapse of time (an infinite layer of 
Nows succeeding each other). 

II. Time is real only if space-time admits of a global time function. 

III. There are physically possible worlds, filled with rotating dust, which do not 
admit of global time functions (they display closed time-like curves, CTCs). 

IV. In such physically possible R-universes, time must be unreal since they lack a 
global time function (x may chronologically precedes itself). 

V. Time must also be unreal in our universe since it only differs from the 
R-universe by its contingent distribution of matter and motion, and hence not 
by lawlike differences. 

As Godel postulates that the reality of time requires a global time function, he 
does not distinguish the objective passage of time on a section of a closed time-like 
curve from the arrow of time in the whole R-universe. A number of authors have 
pointed out that we retain what Reichenbach called a ‘sectional nature of time’ 
(Reichenbach 1956, Sect. 15; cf. Calosi 2009; Dorato 2002; Dieks 2006b). Even in 
the R-universe observers will experience the objective passage of time on a section 
of the total closed time-like curve, which amounts to a rejection of Premise II. 

Godel’s space-time is time orientable. This means that locally it is possible to distinguish 
at every point between the future direction and the past direction, even on a closed time¬ 
like curve. Then there is a sense in which locally we would experience a change in existing 
that is consistent with the relation of chronological precedence even on a closed timelike 
curve. (Calosi 2009, 127) 

However, Godel may admit a sectional nature of time and accept thermody¬ 
namic clocks to measure its course. The problem arises when the whole time-like 
curve is viewed on a global scale. Let us consider Godel’s scenario under 
the model of closed time (Fig. 2.7b). The problem is, as noted in Chap. 2, that the 
‘before-after’ relation, which works well for linear time is unsuitable for the 
characterization of closed time. The ‘before-after’ relation is symmetric in closed 
time, if no direction around the circle is specified: if ‘a’ is before ‘b’, then ‘b’ is 
also before ‘a’, and ‘a’ is before itself. The ‘before-after’ relation also fails to be 
transitive: if ‘a’ is before ‘d’ and ‘d’ is before ‘c’, then it cannot be clearly claimed 
that ‘a’ is before ‘c’ because ‘c’ is also before ‘d’ and ‘d’ is before ‘a’, so that ‘c’ is 
before ‘a’. But specifying a route amounts to imposing an asymmetry condition on 
closed time but such a criterion can only derive from physical constraints—like the 
discovery that the initial and final conditions of a closed universe are different, 
which seems to be absent from the R-universe. 

Godel’s considerations suffer, however, from the same conceptual bias, which 
was observed in the discussion of the Special theory. In order to make reasonable 
statements about the nature of time all physical features, which affect the nature of 
time and observers on a CTC, need to be taken into account. Thus even if CTCs 
were physically real worlds, it does not follow that time is unreal as long as not all 
temporal features of the universe have been taken into account. One question 
concerns, for instance, the role of entropy in such a universe. 
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In cosmological terms Godel assumes the scenario of a re-collapsing universe, 
in which the final condition of the Big Crunch is physically identical or at least 
very similar to the initial condition of the Big Bang. But it is an open question 
whether this scenario is correct, even if we exclude from the consideration a linear 
expansion of the universe, which will end in what the nineteenth century called the 
‘heat death’. The heat death represents the total dissipation of energy in the uni¬ 
verse so that the loss of entropic differentials would render all life impossible. The 
heat death, as a final condition, would be very different from the smooth initial 
conditions of the universe as they obtained in the Big Bang. The scenario of a heat 
death would clearly indicate a linear arrow of time for the whole universe. These 
questions will be taken up in Chap. 4. 


3.9.2 Thermodynamic and Cosmological Arrows 

Even if a close equality ‘initial conditions = final conditions’ holds, it is still 
necessary to consider a number of points, which may affect our view of the nature 
of time. One is the Poincare recurrence time. According to Poincare’s theorem all 
systems of a certain kind will return arbitrarily close to their initial states after a 
certain amount of time. In fact, according to Poincare’s theorem, a finite 
mechanical system, whose state S Q is characterized by the position (q k ) and 
momentum (p k ) variables of its micro-constituents, will return as closely as pos¬ 
sible to the initial set of variables, in Poincare recurrence time. But Poincare’s 
theorem only applies to isolated mechanical systems and does not take into con¬ 
sideration thermodynamic properties of the system. If these are taken into account 
one has to calculate the time it would take for a system to return to its initial state. 
To illustrate the negligibly small probability of the return of a system to its initial 
state, note that the time scale for a Poincare recurrence is of the order of 
10 10 " 5 years for a gram mole (Denbigh/Denbigh 1985, 140; Ambegaokar/Clerk 
1999). On the cosmic scale, Boltzmann estimated the amount of time it would take 
for a volume of gas, containing 10 18 molecules, to return to its initial state 
(position and momentum variables). Boltzmann considered that each molecule 
(with an average molecular velocity of 5 x 10 14 cm/s in both directions) would 
return to within 10 -7 cm of each initial position variable and within 10 2 cm/s of 
each velocity variable. The estimated time for a return to such a configuration 
would run to 10 10 ' 9 years, which is well beyond the estimated age of the universe 
(~ 10 9 years) (Schlegel 1968, 52-53). Observers in such a universe could therefore 
observe changes in the entropy gradients, which they could reasonably assume to 
be indicators of the objective passage of time. A possible objection to these 
considerations relies on the time symmetries of the probabilities involved. If an 
atemporal view is adopted, with the assumption of low-entropy conditions in both 
the past and the present, the current entropic state of the universe is as likely to 
have arisen from the past as from the future condition of the universe. A number of 
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authors have argued that we must be agnostic about the question of whether 
entropy will increase or decrease towards the future and that the real challenge is 
to explain the smoothness of the initial conditions (Price 2000a, 2002b; Carroll 
2010). We happen to know more about the past condition of the universe but we 
know little about the future direction of the entropy gradient. The probabilities 
involved, however, harbour no temporal asymmetry. 

These arguments and considerations of the role of entropy in the universe take 
us beyond the General theory of relativity to the discipline of quantum cosmology, 
which is an attempt to understand the boundary conditions of the universe and how 
the initial low-entropy conditions led to our observable classical universe. 

Whilst these points will be discussed in greater detail in Chap. 4, even within 
the General theory there are considerations, which emphasize the importance of 
the Second law and the asymmetry of time. Within the framework of the General 
theory, Roger Penrose has proposed his Weyl curvature hypothesis, which would 
introduce a basic asymmetry and therefore justify an arrow of time (Penrose 2005, 
Sect. 28.8; cf. Sects. 17.5, 19.7; Penrose 1986, 54ff). The Weyl tensor is that part 
of the Riemann tensor which describes gravitational degrees of freedom that occur 
even in the absence of matter. Space-time curvature can arise either in the pres¬ 
ence of matter (described by the Ricci tensor) or in the absence of matter by 
gravitational tidal distortion (Weyl tensor). The Weyl tensor describes geodesic 
deviations of world lines, such as light rays (null geodesic) as may be caused by 
the gravitational fields. The Weyl tensor describes the tidal distortions on curva¬ 
ture, especially as they would appear at the beginning (Big Bang) and the end (Big 
Chill) of the universe. Penrose’s hypothesis is that at the Big Bang, when the 
universe is very smooth, the Weyl curvature must be zero or close to zero. But as 
the universe evolves—from the initial uniformity of matter at the Big Bang to the 
black hole singularities at the end of its life—there is an increasing gravitational 
clumping of matter. As more gravitational clumping takes place, the amount of 
Weyl curvature increases, and eventually diverges to infinity, ‘as the black hole 
singularities’ of the Big Chill are reached. Furthermore the Big Bang singularity is 
marked by a state of very low entropy, whilst the generic black hole singularities 
of the Big Chill are characterized by very high entropy (Fig. 3.17). 

The universe starts at a small, uniform, hence low-entropy point in time and 
evolves towards a much larger high entropy region. During this evolution the Weyl 
curvature increases (clumping of gravitational matter) and reaches its maximum 
entropy in the formation of black hole singularities at the Big Chill (Penrose 2005, 
Sect. 27.7). 

According to this hypothesis the Weyl curvature of the actual universe would 
be close to zero at the Big Bang but would diverge wildly at the Big Chill. ‘As a 
result there would be a Second law of thermodynamics, and it would take the form 
that we observe’ (Penrose 2005, 768). If this hypothesis were correct, the universe 
would be clearly time-asymmetric since its beginning could clearly be distin¬ 
guished from its end by the divergence of the Weyl curvature. There would be a 
striking difference between the beginning and the final state of the universe. The 
universe would display an arrow of time. According to Penrose, the Second law 
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Fig. 3.17 Weyl curvature. A 
simplified representation of a 
universe with a neat Big 
Bang, with low entropy and 
zero Weyl curvature, and a 
messy Big Chill ending in 
black hole singularities, with 
high entropy and Weyl 
curvature. Adapted from 
Penrose (2005, 729) 
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defines ‘a statistical time-directionality’, which requires very special, low-entropy 
conditions at the Big Bang (Penrose 2005, 730, 757, 777). 

Penrose therefore sees a close connection between the thermodynamic and the 
cosmological arrows of time, since the evolution of the universe tracks the Second 
law of thermodynamics. But Penrose’s Weyl curvature hypothesis has met with 
some critical reservations. Firstly, Penrose requires the Weyl curvature tensor to 
act as a constraint on the initial condition of the universe, from which the Second 
Law of Thermodynamics would follow. The Second law would be an asymmetric 
law, quite different from the time-symmetric fundamental laws, whose existence is 
assumed in physics (Penrose 1986, 55). A postulation of different kinds of laws 
operating in the physical universe flies in the face of the unification process of 
modern science. The status of the Second law has also been subject to considerable 
debate. Its status as a fundamental law has been questioned (cf. Price 1996, 2002; 
Uffink 2001; Earman 2006). Secondly, it is ultimately unsatisfactory to postulate a 
low-entropy beginning of the universe. 

A further (...) issue, is that in a sense one is putting in the time asymmetry by hand. Whilst 
there is no reason in principle why it should not be the case that the time asymmetry of the 
world arises from the asymmetry of the boundary conditions, it would be far more sat¬ 
isfying to see the asymmetry emerge without any explicitly asymmetric assumptions being 
built in. (Halliwell 1994a, 372; cf. Hawking/Penrose 1996, Chap. V; Carroll 2010, 
Chap. 15) 

These concerns point in the direction of the issues of symmetry and asymmetry, 
as well as the role of entropy and decoherence in the evolution of the universe. As 
discussed in Chap. 4 both time-symmetric and time-asymmetric cosmological 
models have been proposed to deal with the issue of the arrow of time. The claim 
that a theory like the General theory may not countenance change does not warrant 
Earman’s conclusion that time is unreal. There are a number of physical criteria, 
which need to be taken into account. They seem to be good indicators of a 
dynamic view of time: the asymmetric boundary conditions of the universe, 
entropy, and decoherence. 
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Before we turn to a consideration of these criteria, let us complete this chapter 
by looking at how the classical debate between realism and relationism—regarding 
the nature of time—has been transformed into the current debate about the nature 
of space-time. 


3.10 Substantivalism and Relationism About Space-Time 


Time is truly nothing but a measure of intrinsic change. (Barbour 1997, 209) 

The geometric representation of space-time, first proposed by E. Cartan 
(1869-1951), has led to renewed interest in the old debate between realism and 
relationism about time and space. Newton’s realism about time survived the 
transformation of Newtonian space-time into Neo-Newtonian space—time models 
but the notion of absolute space was relinquished because Newton’s mechanics is 
built on the Galilean relativity principle. The great discovery of Minkowski, fol¬ 
lowing Einstein’s lead in the Special theory of relativity, was that space and time 
needed to be welded into a union. This union became necessary because of the 
effects of relativity on the measurement of spatial and temporal intervals. They are 
subject, respectively, to length contraction and time dilation, depending on the 
velocity of the inertial system. Minkowski space-time is now represented geo¬ 
metrically as a four-dimensional manifold of events and their ‘histories’ are frozen 
space-time trajectories, fenced in, as it were, by the null-like light cone structure. 
When discussing the relational view and Leibniz’s geometry of situations, we 
remarked that it is appropriate to distinguish the question of the ontology of space- 
time from the question of how relationism can define inertial world lines. 
According to critics, relationism cannot postulate unoccupied inertial frames. As 
pointed out, if Leibniz’s idealizations—the fixed existents—are admitted, then 
Leibnizian space-time is not weaker than Galilean space-time. This brief section 
addresses the question of the ontology of space-time, which transforms the old 
debate into an opposition between space—time substantivalism and space-time 
relationism. 

The issue of Newton’s realism about space and time is then recast as a question 
about the existence of space-time as a separate entity, which offers a canvass, on 
which the world lines of events are etched. If space-time exists, it exists, in 
Newton’s sense, independently of the world lines, which are traced on its canvass. 
Space-time is then defined as a substratum of unoccupied space-time points 
(Earman 1989, 12). This position is called space-time substantivalism. If space- 
time exists then it exists, as defined, as an entity in its own right; hence it possesses 
the feature of stasis, which Parmenides already attributed to the One. It exists as a 
four-dimensional block, independently of individual events, in the sense of an 
underlying substratum. An argument in support of substantivalism is that the 
observed consequences of the Special theory of relativity make no sense without 
the existence of an underlying space—time ontology. The consequences of the 
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Special theory would be impossible if the world were three-dimensional; as these 
relativistic effects are observed, the world must be a four-dimensional block 
universe (Petkov 2005, 116). 15 

That is, an inference is made from the observable effects of the Special theory, 
to an underlying space-time structure, which is a four-dimensional Parmenidean 
block universe. Different observers ‘slice’ this block universe according to their 
particular ‘3+1’ perspectives, which includes the observation of clocks ticking at 
different rates. This ‘slicing’ is perspectival, and hence it lacks invariance. But the 
four-dimensional world is marked by stasis: 

And indeed, if we consider a worldline of a particle in spacetime, the worldline is a 

monolithic, four-dimensional entity, which exits timelessly in the frozen world of 

Minkowski spacetime. So in spacetime (...) there is no motion at all. (Petkov 2005, 58) 

If the convention of symbolizing the structure of space-time in terms of geo¬ 
metric models, S = (D,R), is adopted, where D denotes a set of individuals and 
R a set of relations, then space-time substantivalism can be redefined as the claim 
that ‘ (D. R) consists of a primitive set of (space-)time points with a set of relations 
defined over them’ (Rickies 2008, Sect. 2.1). 

By contrast, space-time relationism is characterized as the view that ‘spatio- 
temporal relations among bodies are direct’. Hence there is no underlying substra¬ 
tum of space-time points, which physical events would merely occupy (Earman 
1989, 2, 114, cf. Earman 1970). In terms of space-time representation (D,R) rela¬ 
tionism can be characterized as the claim that ‘( D,R ) consists of a primitive set of 
material bodies with a set of relations defined over them’ (Rickies 2008, Sect. 2.1; 
cf. Dainton 2001, Chaps. 9-10). But such a narrow view of space-time relationism 
leaves out possible orders of temporal and spatial relations between events, which 
Leibniz admits into his system. As noted above, the Leibnizian system can be 
‘liberalized’ by taking into account both actual and possible events (cf. Teller 1991; 
Weinert 2006). But such space-time relationism must adapt to the requirements of 
the Special theory of relativity. Recall that relationism defines space as the order of 
coexisting events and time as the order of the succession of coexisting events. In the 
context of relativistic space-times the notion of order has become complicated due to 
the constancy of c, which imposes the causal limits of the null cones, and the notion 
of relative simultaneity. Space-time relationism must adapt to these requirements. 
Leibniz did not specify what he meant by events and this omission turns out to be a 
blessing in disguise because events can be chosen, which are allowed to propagate in 
Minkowski space-time. They need not be restricted to the existence of material 
bodies. More precisely, space-time relationism finds a natural partner in the alter¬ 
native representation of space-time, encountered above, which was based on the 


15 This argument can be put into a syllogistic form: 

If W is four-dimensional, then we observe relativistic effects 
We observe relativistic effects 

Hence, the world is a four-dimensional block universe. 

But this argument is a logical fallacy, since it affirms the consequent. 
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existence of optical facts and their concomitant physical characteristics. The order of 
the coexisting events now consists of the simultaneity planes, which exist as hori¬ 
zontal cuts through the temporal axes and thus running parallel to the spatial axes. If 
both temporal and spatial axes are inclined, as they must be in the appropriate 
representations, at the same angle, the simultaneity planes still run parallel to the 
spatial axes but keep the tilting, which the spatial axes have adopted. The order of the 
succession of coexisting events then follows naturally. It is confined by the boundary 
of null-like related events. The order is a time-like order for all world lines within the 
light cones and it is invariant for all time-like connected observers. The order is a 
space-like order for all world lines which run from Here-Now to an event lying 
outside the light cone. According to the axiomatic approach events propagate in 
space-time and are subject to the laws of motion and entropic relations, which lead 
to invariant relationships. Space-time relationism then opens up the possibility of an 
objective, mind-independent succession of events (the passage of physical time) 
within Minkowski space-time. If possible temporal and spatial locations are 
included, which a more liberal interpretation of Leibnizian relationism permits, as 
well as Leibniz’s 'fixed existents’, it becomes hard to see any substantial difference 
between space-time substantivalism—'there exists a substratum of space-time 
points’—and space-time relationism, since it is no longer true that 'spatio-temporal 
relations among bodies and events are direct’ (Earman 1989, 12). It could be said 
that the development of field theory undermines 'the basis of the substantivalism- 
relationism controversy’ (Rynasiewicez 1996, 298; cf. Rynasiewicez 2000). This 
rapprochement between substantivalism and relationism depends on our willingness 
to liberate relationism from the rather narrow interpretation, which has been 
imposed on it (i.e. that it will only accept direct relations between actual bodies and 
events or will only allow ‘occupied’ space-time points). 

The last two chapters witnessed a similar rapprochement between Newton’s 
absolute notions and Leibniz’s relative notions of space and time, between Neo- 
Newtonian and Leibnizian space-time, respectively. Newton replaces the com- 
monsensical views by more precise abstract notions but is nevertheless obliged to 
find physical approximations to these notions. And Leibniz starts from concrete 
events and idealizes to his ‘fixed existents’ to define inertial motion. The sub- 
stantivalist can claim that Einstein’s field equations permit empty space-times, and 
that many features of the General theory support a substantivalist interpretation. 
But one should carefully distinguish between physics and mathematics. The 
solutions may not correspond to physical systems. In fact research suggests that the 
universe is pervaded by fields and waves of various kinds, by dark matter and 
energy. If the events, which the relationist accepts, include the fields and waves 
that pervade the universe, then this liberalized relationism can accommodate many 
of the features, which substantivalism claims as its strength. 

The present chapter has analysed a powerful argument in favour of the 
Parmenidean block universe: namely, that it is the best inference from the 
observable consequences of the Special and General theory of relativity. But as 
questions of the reality or unreality of time must be regarded as conceptual con¬ 
sequences of scientific theories, rather than deductive or inductive consequences, it 
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should come as no surprise that alternative inferences are possible. In particular it 
was argued that a number of regular and invariant relationships in space-time 
allowed an inference to a dynamic view, according to which the passage of time is 
an objective feature of the physical world. This was the Heraclitean viewpoint. 

The consideration of this view opened up dynamic perspectives and new 
invariant relationships, which arise from thermodynamic considerations. These in 
turn led to a distinction between the passage and the arrow of time. 

One of our most fundamental human experiences is the temporal asymmetry of 
events in the physical world. Many physical systems, if left to their own devices, 
deteriorate from order to disorder; they degrade from bloom to bust. This human 
experience of the passage from birth to decline, of asymmetry, stands in stark 
contrast to the temporal symmetry of the fundamental equations, which govern 
physical systems. The temporal symmetry of the fundamental equations is the 
second argument for the unreality of time. In connection with a consideration of 
symmetry and asymmetry, the focus will now shift from the local passage of time 
to the global arrow of time. The argument will need to take into consideration the 
findings of quantum cosmology. 



Chapter 4 

Symmetry and Asymmetry 


The complete time symmetry of the basic laws like those of dynamics is entirely com¬ 
patible with the existence of contingent irreversibility (...) because dynamics (...) puts no 
restriction (...) on the state (of a system) at any one time, nor on the probability distri¬ 
bution at any one time. (Griinbaum 1967, 161) 

Chapter 3 discussed the inference from the Special theory of relativity to the block 
universe and considered an alternative inference to a Heraclitean view of time, 
which was also found to be compatible with the results of the Special theory. The 
latter view brought to the fore dynamic aspects, associated with the notion of 
entropy. This chapter will focus on the second argument in favour of Parmenidean 
stasis: the temporal symmetry of the fundamental equations of physics. The 
motivation for the adoption of this position is that the fundamental equations do 
not distinguish between past, present and future, and that symmetry—since the 
perfection of the heavens in Greek geocentrism—has been the basic scientific 
position, from which asymmetric phenomena should arise. If, according to these 
fundamental equations, the deep structure of the physical world does not contain 
an anisotropy of time, then the unmistakable irreversible features of our experi¬ 
ence, which suggest a Heraclitean view, must be a mere epiphenomenon. These 
considerations will lead us into the areas of statistical mechanics and quantum 
cosmology and to a discussion of the arrow of time, which does not emerge from 
Minkowski space-time. 


4.1 Fundamental Equations and Human Experience 

Chapter 3 reviewed a much-discussed argument regarding the lack of temporality 
in the physical world. The results of the Special theory of relativity—relative 
simultaneity and time dilation—are often interpreted as supporting the block 
universe. The General theory of relativity confirms the effects of time dilation and 
adds that clocks suffer retardation effects in strong gravitational fields. The 
mathematical structure of the General theory is also used to draw an inference to 
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the ‘unreality’ of time. Defenders of the block universe point out that the results of 
the Special theory are incomprehensible without assuming a four-dimensional 
static world (cf. Petkov 2005; 2007). They infer from the observable phenomena of 
the Special theory that four-dimensional space-time enjoys as much reality as the 
measurable phenomena. However, as argued above, it is a conceptual inference 
and follows neither deductively nor inductively from the principles of this theory. 
In fact, a different representation of the Special theory, based on axiomatic 
approaches, leads to a dynamic view of space-time, which may be described as a 
growing block universe. These axiomatic approaches revealed the existence of 
invariant thermodynamic features of signal propagation. Even within the standard 
geometric representation of the Special theory there are a number of invariant 
relationships, like the invariance of the speed of light, c, and the space-time 
interval, ds, which have been taken to indicate the passage of time across different 
inertial reference frames (Capek 1962; 1966). 

These invariant relationships gain additional importance in the theory of rela¬ 
tivity because the regular ticking of clocks in inertial coordinate systems (proper 
time) is no longer judged as invariant from the point of view of an inertial system 
in constant motion with respect to the first (coordinate time and time dilation). 
Furthermore, as becomes apparent from the axiomatic approaches, such invariant 
relationships should be grounded in physical events, which is the case both with 
the propagation of electro-magnetic signals and the entropic relation. Thus it was 
found in Chap. 3 that the invariance of entropy, pressure and possibly temperature 
gives rise to the consideration of thermodynamic clocks, from which inertially 
moving observers would be able to agree on the clock times of prearranged events. 
On the basis of such invariant and regular relationships observers could measure 
the passage of time in Minkowski space-time and infer a dynamic view of time. 
The passage of time, however, even if it is established in Minkowski space-time, 
offers no clue to a global arrow of time. The anisotropy of time in Minkowski 
space-time is compatible with different topologies of time (closed time, linear 
time). If there is a cosmological arrow of time, it must be located in other pro¬ 
cesses. As will be discussed in this chapter, a number of candidates for the cosmic 
arrow of time have recently emerged. 

The Austrian physicist Ludwig Boltzmann (1844-1906) and the British 
astronomer Arthur Eddington (1882-1944) proposed that the increase in entropy, 
which in Chap. 2 was characterized, in a preliminary way, as an increase in 
disorder, could be used to identify the arrow of time. This proposal was an 
extension of the range of the Second law from closed systems, like gas molecules 
in a sealed container, to the whole universe. Boltzmann characterized the Second 
law as proclaiming ‘a steady degradation of energy until all tensions that might 
still perform work and all visible motion in the universe would have to cease’ 
(Boltzmann 1886, 19; 1898, Sect. 89). He does not entertain any hope that the 
universe could be saved ‘from this thermal death’. But in his reply to various 
objections to his theory, he cautions against assuming ‘the unlimited validity of the 
irreversibility principle, when applied to the universe for an infinitely long time 
(...)’ (Boltzmann 1896, 226). In fact, as we saw in Chap. 2, Boltzmann held the 
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whole universe to be in a state of equilibrium, with pockets of disequilibrium, 
which alone can sustain life. Under this assumption ‘one can understand the 
validity of the second law and the heat death of each individual world without 
invoking a unidirectional change of the entire universe from a definite initial state 
to a final state’ (Boltzmann 1897, 242). However, three decades later A. Eddington 
believed that he had identified in the Second law of thermodynamics—the increase 
of entropy in isolated systems—an irreversible arrow of time (Eddington 1928, 68; 
cf. Savitt 1995, 1; 1996; Penrose 2005, 697). He considered that no natural pro¬ 
cesses would ever run counter to the Second law and that it held a ‘supreme 
position among the laws of Nature’ (Eddington 1928, 74). Eddington seems to 
revert to the original understanding of the Second law as a deterministic law, 
which would preclude any exceptions to an increase in entropy. As we shall see, 
the identification of the arrow of time with an inexorable increase in entropy is 
problematic for a number of reasons. Recall that the purpose of Maxwell’s demon 
was to ‘pick holes in the Second law of thermodynamics’, and to show that it could 
be violated by the machinations of a demon. Then a number of reversibility and 
recurrence objections were raised against the original conception of the Second 
law (as for instance formulated by R. Clausius), which led Boltzmann to a sig¬ 
nificant redefinition of the concept of entropy. The Second law turned out to be a 
statistical notion, which means that entropy-decreasing processes are permitted by 
the law. Hence, it is conceivable that a cold cup of coffee reheats spontaneously, 
even though it is a very unlikely experience. But we conceive of the arrow of time 
as unidirectional. To define the arrow of time in terms of an increase of entropy 
seems to have an unwelcome cosmological consequence. If the universe were to 
recontract, after reaching a maximum expansion, it seems to follow that the arrow 
of time reverses, since physical systems would presumably experience a decrease 
in entropy (Gold 1974). Unlike Eddington, many commentators do not deem the 
Second law of thermodynamics to be a fundamental law and its statistical char¬ 
acter makes it a poor candidate for identification with the arrow of time. Many of 
the fundamental equations of physics are time-reversal invariant. This feature has 
the consequence that on a fundamental level time does not seem to exist. By 
contrast, the world of everyday experience teems with asymmetric processes. 
There are numerous thermodynamic systems, including the universe, which seem 
to display a direction of time. 

The measurement of quantum systems, for instance, leads to irreversible 
records, which may provide criteria for the anisotropy of time (Sect. 2.10). The 
measurement on quantum systems may either be performed by measurement 
devices or by the environment. In the first case, the time-symmetric equations of 
the quantum world give rise to asymmetric, irreversible measurement results. In 
the second case, temporal asymmetry may be an emergent property, which arises 
in the transition from the quantum to the classical level. This process is known as 
decoherence. Decoherence is a physical mechanism, which could explain both the 
emergence of classical trajectories of the macro-world, and the anisotropy of time 
in human experience. In order to discuss the arrows of time we shall need to 
distinguish environmental from cosmological decoherence, the latter idea being an 
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application of the mechanism of decoherence to the whole universe. As it turns out 
this distinction between decoherence mechanisms will be helpful in understanding 
the difference between the observable asymmetry in local regions of space-time 
(the passage or local arrows of time) and the asymmetry in the whole of space- 
time (the global arrow of time) as it is discussed in quantum cosmology (cf. Davies 
1974, Sect. 2.1). 

Quantum cosmology is the study of the boundary conditions of the universe, 
both in the very early and very late stages of its evolution, as well as of the 
emergence of the classical world. The initial low-entropy conditions of the early 
universe, in conjunction with the Second law, are often held to be responsible for 
the observed temporal asymmetry. On this approach the increase in entropy, 
associated with temporal asymmetry, is the typical behaviour of thermodynamic 
systems. But this approach assumes that there exists no low-entropy final condi¬ 
tion—a Big Crunch—which could have an effect on the entropy state of the 
present universe. In fact some cosmologists argue that the evolution of the uni¬ 
verse is a symmetrical affair, which means that the beginning and the end of the 
universe are similar in their physical characteristics. Our impression of a march of 
time would then be an anthropocentric view, due to our local macroscopic 
experience. A version of this argument derives from so-called two-boundary 
cosmological models, in which the current entropic state of the universe may be 
explained from the point of view of either the initial or the final conditions, 
because statistical relations, as in the Second law, are time-symmetric. Hence both 
time-symmetric and time-asymmetric cosmological models will need to be 
considered. 

The symmetry of the fundamental equations with respect to time constitutes a 
second powerful argument for a Parmenidean view of the universe. A consider¬ 
ation of the time-symmetry of the fundamental equations will take us from the 
very small (quantum mechanics) to the very large (quantum cosmology). But the 
notion of entropy continues to play an important part in both domains. It is simply 
a universal phenomenon, which may be regarded as an important indicator, 
amongst others, of the anisotropy of time. This chapter will argue that an appeal to 
the temporal symmetry of the fundamental equations explains our real experience 
of the anisotropy of time as little as the appeal to the Parmenidian block universe. 


4.2 Entropy and Order 


Qualitatively, entropy is disorder, which has a natural tendency to increase. Experimen¬ 
tally it is measured by the ratio of heat to temperature. Theoretically it is related to the 
number of digits of the probability (von Baeyer 1998, 110) 

Chapter 2 introduced the thermodynamic notion of entropy. The increase in 
entropy was identified with an increase in disorder, following the practice of many 
textbooks. Clausius extended the trend towards disorder in local systems to the 
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whole universe: ‘the entropy of the universe strives towards a maximum’. Nine¬ 
teenth century physicists were fascinated by the notion of the heat death 
(cf. Davies 1974, Sect. 7.1; Kragh 2007, 101-108). The disorder of the universe 
would increase to such an extent that no energy would be left to do useful work. 
All life would be extinguished. This march towards a heat death suggested to 
Boltzmann that the increase in disorder defined the arrow of time, at least in 
certain regions of the universe. But an increase in disorder of a system, as illus¬ 
trated in the spreading of gas molecules in a sealed container, does not render a 
useful notion of entropy. In fact an increase in entropy does not necessarily imply 
an increase in disorder (Denbigh and Denbigh 1985, Sect. 2.5; Denbigh 1989; Leff 
2007, Sect. 1.1; Penrose 2010, 25; Carroll 2010, 165-166). 

To understand how an increase in entropy may occur without an increase in 
disorder, consider a closed room in which, for a while, a parent and a child live 
together without interference from the outside world. In the evening, the father 
nicely arranges the toys in one corner of the room (Fig. 4.1a). In the morning, the 
child begins to play and soon the toys will be scattered all over the available space 
(Fig. 4.1b). The entropy of the state of the toys has increased, since information 
about their whereabouts has decreased, and their neat arrangement has disap¬ 
peared. In the evening, the father restores the order of the toys. During this cycle, 
the overall entropy balance in the room has increased. The child spent energy 
during playtime and the father burned a considerable amount of energy to restore 
order amongst the toys. Both are exhausted but order has been restored. Note that 
the example appeals to spatial order and does not particularly refer to the spread of 
energy states. A more refined measure for entropy is called for than concepts like 
‘order’, ‘disorder’, ‘organization’ and ‘disorganization’ can provide. There are 
several ways to achieve such a measure. 

The traditional way is to move from thermodynamics to statistical mechanics. 
Although there are different schools of statistical mechanics, 1 the following dis¬ 
cussion is mainly cast in the language of the Boltzmannian approach. The 
Boltzmannian approach distinguishes the micro-states and the macro-states of a 
system and postulates that the micro-states determine the macro-states. Macro¬ 
systems consist of large but finite numbers of micro-constituents. The macro-state 
of a system is characterized by measurable thermodynamic properties, like the 
pressure, temperature and density of a system. If, for instance, the temperature of a 
container of gas or a cup of tea is known, then this system is in a well-defined 
macroscopic state. The micro-state of a system is characterized by the physical 
properties (velocity, position and momentum) of each particle, the collection of 
which makes up the macro-system. According to statistical mechanics, each 


1 The two main programmes are due to the work of Boltzmann (1877) and Gibbs (1902). The 
Boltzmann approach studies individual systems, which consists of large, finite numbers of micro¬ 
constituents. The basic postulate is that the macro-states supervene on the micro-states. The main 
notion of the Gibbsian approach is the study of an ensemble, ‘an uncountably infinite collection 
of independent systems that are all governed by the same Hamiltonian but distributed over 
different states.’ (Frigg 2008; Frigg 2009; cf. Callender 2001). 
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(a) 



(b) 



Fig. 4.1 a Illustration of entropy. The toys of the child are neatly ordered in the corner of the 
room, b After the child has stopped to play, the toys are scattered widely across the room 


molecule follows a time-symmetric dynamic evolution. In practice it is never 
possible to know the properties of each of the micro-states of a system. But it is 
possible to know a distribution of the system’s micro-states. To see that the micro¬ 
states of a system can only be known statistically, consider a perfume bottle, which 
typically contains 6 x 10 2 ° molecules. The precise initial positions and velocities 
of each molecule remain unknown, and the effect of collisions on their positions 
and velocities cannot be computed. But distributions of the micro-states can be 
calculated and they can be related to macroscopic properties, like temperature, of 
the whole system. 

For instance, (absolute) temperature is a measure of the average translational 
kinetic energy of the molecules in a gas. The average kinetic energy of a molecule 
is expressed in the equation: 
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Ek = N^femv 2 ^ (4-1) 

where N is the number of molecules and v 2 = 3 RT is the average velocity of the 
molecules (R is a gas constant, 7 is the temperature). Expressed in terms of the 
Boltzmann constant k (k — mR) and the type of gas, the average kinetic energy of 
a molecule is Ek = ^f^kT. so that the total average kinetic energy is 

E k = 3/ 2 NkT (4.2) 

The temperature of a gas is proportional to the average kinetic energy of its 
molecules: T w Ek- 

There exists an interesting relationship between micro-states and macro-states: 

• To every micro-state, there corresponds a particular macro-state of the system. 
Imagine, for instance, that we open the perfume bottle and then freeze the flow 
of the 6 x 10 20 molecules for a moment to take a snapshot. The sum of their 
micro-states would result in a particular macro-state (temperature, pressure). 

• It is not true in general, however, that to every macro-state there corresponds 
just one particular micro-state. There are many more micro-states than macro¬ 
states. Many micro-states make up the same macro-state. For instance, there will 
be many kinetic configurations of the 6 x 1 0 20 perfume molecules, which result 
in the same average translational kinetic energy of the molecules. Air molecules 
at room temperature, with an average speed of 2,000 mph, can have speeds 
anywhere between 0 and 4,000 mph (Raizen 2011, 48). 

To illustrate this relationship a little bit further, consider the many different 
ways of making up the sum of £10. To the sum of particular micro-states (coins, 
notes) there corresponds a particular macro-state (£10): 

Example: 


2 x 50p + 2 x £1 + 1 x £2 + 1 x £5 = £10 

But it is not true that to every macro-state there corresponds a particular micro¬ 
state because the same macro-state (£10) can be made up of many different micro¬ 
states: 

Example: 


£10 = 2 x £5 
£ 10 = 10 x £1 
£10 = 5 x £2... 

There are many more micro-states than macro-states! If a particular macro¬ 
state, A (for instance a particular temperature or pressure) of the system is chosen, 
then there will be many different micro-state configurations by which the macro¬ 
state A can be realized; i.e. the molecules can occupy many different combinations 
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of individual positions and velocities, which make up the macro-state. The 
number of these possibilities, for a given macro-state, A, is the thermodynamic 
probability, W, for the macro-state. (The letter W stands for the German word 
Wahrscheinlichkeit, likelihood or probability). This designation expresses the idea 
that an arbitrarily chosen micro-state of a system belongs to a given macro-state, 
A, with higher probability, the more micro-states belong to A. The thermodynamic 
probability, W, is an expression of the number of different configurations for a 
given macro-state, A. Thus the following relations obtain: 

• The higher the value of W, the higher the number of combinatorial arrangements 
through their micro-states (Figs. 4.2a, 4.3b, c). One may wish to associate a 
higher value of W with a lower degree of order. 

• The lower the value of W, the lower the number of combinatorial arrangements 
through their micro-states (Figs. 4.2b, 4.3a). One may wish to associate a lower 
value of W with a higher degree of order. 

In this context the notion of ‘order’ is not meant to be an evaluation of some 
desirable state of affairs but an expression of the available arrangements of micro¬ 
states. Entropy is a numerical measure of the different numbers of arrangements 
that result in a particular macro-state, say temperature (Penrose 2010, Part I). 

What can be said about the evolution of such systems? For instance, does 
W decrease, increase or stay constant in a closed system? In other words, does the 
region occupied by the micro-states corresponding to a given macro-state, A, 
increase, decrease or stay constant? The Second law of statistical mechanics states 
that the thermodynamic probability, W, in a closed system must either stay con¬ 
stant or increase; in the latter case there is a transition from a low W (an unlikely 
state) to a higher W (a more likely state). This is the law of the increase of entropy. 
The Boltzmann entropy of a system is defined as: 

Sb = k log W, (4.3) 


(a) 

Macrostate A 
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Example'. 3 people in a 
building with 2 floors can 
be distributed over the two 
floors in number of ways: 
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Fig. 4.2 a Micro- and macro-states. Several micro-states belong to this macro-state, b Entropy is 
zero. In this particular case of W = 1 it is true to say that to one macro-state corresponds just one 
micro-state 
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Fig. 4.3 Vibration states of a molecule—it is not obvious why state c should be more ‘disorderly’ 
than state a. a Illustrates a crystal consisting of only eight atoms at the absolute zero of temperature 
(W = 1). b Shows that the temperature is raised slightly by supplying just enough energy to set 
one of the atoms in the crystal vibrating. There are eight possible ways of doing this since the 
energy could be supplied to any one of the eight atoms. All eight possibilities are shown in figure 
b. Since all eight possibilities correspond to the crystal having the same temperature, W = 8 for 
the crystal at this temperature. Also, it must be realized that the crystal will not stay perpetually in 
any of these eight arrangements. Energy will constantly be transferred from one atom to the other, 
so that all the eight arrangements are equally probable, c Shows that a second quantity of energy 
exactly equal to the first is supplied, so that there is just enough to start two molecules vibrating. 
There are 36 different ways in which this energy can be assigned to the eight atoms. Now W = 36 
for the crystal at this second temperature. Because energy continually exchanges from one atom to 
another, there is an equal probability of finding the crystal in any of the 36 possible arrangements. 
Source http://wiki.chemeddl.org/index.php/16.2_Thermodynamic_Probability_and_Entropy 


(where W is the thermodynamic probability; when W = 1, S = 0, as would be 
expected from the illustrations in Figs. 4.2b, 4.3a). If our bottle of perfume, which 
is placed in a large container, is opened, the molecules will gradually begin to fill 
the whole space. There is a transition from a low IT to a higher W because the 
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molecules begin to colonize the whole available phase space.' This transition is 
puzzling because statistical mechanics makes the assumption that the trajectories of 
individual constituents (molecules) are time-reversal invariant. That is, if the path 
of an individual molecule could be filmed, and the film was viewed subsequently, 
viewers would be hard pressed to say whether the film was shown in a forward or 
reversed direction. But if a film of a system of molecules was shown, the viewer 
would regard the spreading of the system into the available space as typical, and 
judge the film as running in a forward direction; but if all the molecules were to 
reassemble into a corner of the space the motion would be identified as untypical 
and the viewer would judge that the film was shown in reversed order. This contrast 
between the reversibility of individual micro-systems and the irreversibility of the 
corresponding macro-systems is the fundamental problem of statistical mechanics. 

The transition from lower to higher W suggests that the increase in entropy can 
be expressed by use of a spreading function, rather than by a transition from 
‘order’ to ‘disorder’.’ According to this function the entropy symbol, S, is short¬ 
hand for the spreading of micro-states into the available phase space, which 
includes both their spatial and temporal spreading. 

An increase of entropy may be said to correspond to a "spreading” of the system over a 
large number, W, of occupied quantum states. Alternatively one might say that entropy is a 
measure of the extent to which the system in question is unrestrained; the less constrained 


2 For further discussion see Watanabe (1966), 528; Schlegel (1966), 507; Weizsacker (1970), 40; 
van Fraassen (1970), 89; Davies (1974), Sects. 2.2, 3.2; Layzer (1975), 57; Kuhn (1978), Chap. II. 
Note that according to Landauer’s Principle (1961) the erasure of a bit of information in an 
environment at temperature T requires dissipation of energy = kTln2; (see Earman and Norton 
1998, 1999 for details). 

‘ In order to emphasize the importance of the spreading function, reference should be made to 
Liouville’s theorem, which states that the temporal evolution of classical dynamic systems 
preserves volumes of phase space regions but not the shapes of these regions. A rather uniform 
region in the initial stage can become very fibrillated after the spreading of the system (cf. Fig. 4.7). 
Liouville’s theorem in classical mechanics states that a volume element along a flowline conserves 
the classical distribution function/(r, v)drdv: 

f(t + dt,r + dr, v + dv) =f(t, r, v) 

(Kittel and Kroemer 1980, 408; Albert 2000, 73f; Reichenbach 1956, 93-94). In other words, if 
we consider trajectories in phase space, which include both position and momentum of particles, 
then the equation of motion of such systems can be expressed in terms of its Hamiltonian, 
H. H expresses the conservation of total energy of the system. Liouville’s theorem then states that 
the volume of the phase space, which an ensemble of trajectories occupies, remains constant over 
time. Liouville’s theorem shows that the volume of the phase space regions is invariant over time 
even though the expansion of the trajectories within this volume can start from different initial 
states or end in different final states. But an immediate consequence of this theorem is that even 
though the volume is preserved the shape of this phase space region is not preserved and this 
implies a dynamic evolution of the trajectories within this region. For two shapes cannot differ 
from each other without an evolution of the trajectories. It also implies that a reversed evolution 
of the trajectories will preserve the volume but not the shape and hence that reversed trajectories 
need not be invariant with respect to the shape of the phase space region. 



4.2 Entropy and Order 


179 


it is, the greater the number of its accessible quantum states for given values of those 
constraints which exist’. (Denbigh and Denbigh 1985, 44, Chap. 3) 

A single system’s phase point traverses the phase space in time as particles move and 
exchange energy. This traversal provides a graphic image of a system’s particles spreading 
and exchanging energy through space, as time progresses. Energy, space, and time are all 
explicitly involved. In this sense, entropy can be thought of as a spreading function. (Leff 
2007, 1750; italics in original; cf. Boltzmann 1897, Sect. 6) 

To explain this spreading function further both the spatial spreading of processes 
and the temporal spreading of system states over accessible states must be considered 
(Leff 2007). For instance, in the case of the child’s playroom the spreading of the toys 
resembles a spatial disintegration of a neat pile, but spatial spreading makes no 
explicit reference to energy balances. By contrast temporal spreading refers to the 
expansion of system states into the available phase space, as expressed in Boltz¬ 
mann’s statistical definition of entropy. Boltzmann’s statistical definition refers 
directly to the “colonization” of the available phase space by the micro-states, since 
the Boltzmann entropy is a measure of the number of micro-states that are compatible 
with a given macro-state. Even though the equations of motion are time-reversible 
invariant, the spreading, say, of gas molecules into the available phase space occurs 
because there are many more ways of populating a larger than a smaller space. 

How can the available space be characterized? It is useful to distinguish the 
three-dimensional coordinate space of our experience from the abstract mathe¬ 
matical phase space of the micro-constituents. 

A classical system in mechanics can be described in terms of a 6N dimensional 
phase space, T; each individual particle has three position coordinates (x, y, z) and 
three momentum coordinates (since ‘momentum = mass x velocity’ is a vector 
quantity) (Fig. 4.4). Single particle systems or many particle systems are repre¬ 
sented by a single point, which moves around in phase space; its trajectory obeys 
deterministic laws, which determine its state at all times; hence the trajectory is 
time-reversal invariant. But as noted above to each particular set of micro-states 
belongs a particular macro-state and these macro-states tend to spread into the 
available phase space in an irreversible manner (Fig. 4.3). Whilst these configu¬ 
rations will typically have a tendency to spread all over the available phase space, 
configurations, which run counter to the Second law, will be regarded as atypical. 4 


4 Notions like ‘typicality’ and ‘probability" are often used in the literature but both are fraught 
with conceptual difficulties. According to Frigg (2009) probabilities can be introduced to the 
Bolzmannian apparatus in two ways: either as macro- or micro-probabilities. In the first case, 
probabilities are directly assigned to the system’s macro-states; in the second case, probabilities 
are assigned to the system’s micro-states ‘being in particular subsets of the macro-region 
corresponding to the system's current macro-state’ (Frigg 2008. 106). Boltzmann himself 
interpreted probabilities as ‘time averages’, which refers to the proportion of time that a macro¬ 
system spends in a particular state in the long run. But some authors prefer typicality arguments, 
where typicality is not strictly to be understood as a probabilistic notion but one that refers to 
large number ratios or an overwhelming majority of cases. Unfortunately, the notion of typicality 
still requires further explication (Goldstein 2011) but the danger is that the notion of typicality is 
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An increase in entropy of a system means that the system evolves to a state of 
higher thermodynamic probability W. In a certain sense this transition to a higher 
W is irreversible. But irreversibility has to be understood in a typicality sense. 
‘Typical behaviour’ is behaviour, which occurs ‘with large probability with respect 
to a given initial ensemble’ 3 (Lebowitz 1994, 137). It is typical for systems to 
evolve to a higher state of entropy, although their temporal inverse is not forbidden 
by the mechanical laws. Time-reversed behaviour is simply atypical. If irrevers¬ 
ibility is understood in a ‘statistical’ sense, it makes it compatible with the sym¬ 
metry of the fundamental equations. 

The statistical explanation of irreversibility in a classical system is that if a microscopic 
state is chosen at random in the region in the phase space of a closed system corresponding 
to a macro-state, which is away from equilibrium, it is highly likely that the corresponding 
trajectory, as generated by the laws of classical mechanics, will pass through regions 
corresponding to larger and larger entropies (Griffiths 1994, 151). 

This tendency of thermodynamic systems to spread into the available phase 
space, although their return to low-entropy initial conditions would not constitute a 
violation of the Second law, has been dubbed ‘weak f-invariance’: 

We (...) define 'weak’ T-invariance of a complex process by the requirement that its time 
inverse (although perhaps improbable) does not violate the laws of the most elementary 
processes in terms of which it is understood. Thus, diffusion and heat conduction, while 
not T-invariant, are at least weakly T-invariant. (Landsberg 1982, 8; cf. Kroes 1985, 110) 

Typical behaviour is irreversible, for all practical purposes, in the sense of weak 
t-invariance. 

It is an important question why this spreading of micro-states into the available 
phase space takes place—a question to which we shall return (cf. Sklar 1993, 
293-295; Frigg and Werndl 2011). An intuitive explanation is that the molecules 
have kinetic energy, which leads to random collisions between them. These 
interactions change their directions isotropically and hence they will be sent along 
trajectories, in which they are not restrained either by the walls of the container or 
other molecules—and this is the available phase space. But as the volume of the 
final phase space is overwhelmingly larger than that of the initial region, the 
probability of a return of the system to a smaller region is practically zero. 


(Footnote 4 continued) 

insufficient to explain the approach to equilibrium (Frigg 2009; 2011). Nevertheless the notion of 
typicality, with its emphasis on large number ratios, is a reasonably useful notion and the ensuing 
discussion will make use of it. According to this approach typicality is the ratio of over¬ 
whelmingly typical cases to a small number of atypical cases (see Goldstein 2011). 

5 A better definition, which avoids the notion of probability, is quoted in Frigg (2011, 84) who 
reconstructs the typicality view as holding that 'for any [micro-region] [TMi] the relative volume 
of the set of micro-states [x] in [T Mj ] for which the second law is violated (...) goes to zero 
rapidly (exponentially) in the number of atoms and molecules in the system.’ As can be gleaned 
from the formulation this definition of typicality makes use of the notion of weak t-invariance 
explained in the main text. 
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n particle positions 
(3 coordinates) and 
momenta (3 coordinates) 



Fig. 4.4 Six-dimensional phase space, T 


It is known from common experience that entropy increases in all systems, in 
which there is no outside interference to restore order. Milk and coffee do not 
unmix, abandoned buildings continue to decay and we are born young and grow 
old. As time goes on, W increases in such systems. For a physical system the state 
of maximum entropy is the equilibrium state. Physical systems tend towards these 
states, if they remain isolated from external interferences. Why do we never 
observe a return of a thermodynamic system to its original state? The likelihood 
that such systems spontaneously reverse their spreading and return to a state of 
lower W, without outside interference, is exceedingly small. The spontaneous 
unmixing of milk and coffee is not likely to happen in the lifetime of the universe. 
To illustrate the negligibly small likelihood of the recurrence of a system to its 
initial state, recall that the time scale for a Poincare recurrence is of the order of 
10 I(15 years for a gram mole (Denbigh and Denbigh 1985, 140; cf. Ambegaokar 
and Clerk 1999). A volume of gas, containing 10 18 molecules, would take 
1O 10 ' 9 years to return even approximately to its initial state (position and 
momentum variables). An evolution to values close to its initial state would thus 
take much longer than the estimated age of the universe. The discussion below will 
show that the ratio of the age of the universe, T ', to the relaxation time, t, of 
thermodynamic systems (to their equilibrium states) plays a significant part in the 
development of cosmological scenarios, based on quantum cosmology. As time- 
reversed states are not part of human experience, it may be surprising to learn that 
they are not forbidden by the Second law. They are weakly /-invariant because 
their underlying dynamics is time-reversal invariant. As time-reversed evolutions 
of most of the macro-states, of which humans have experience, never occur, for all 
practical purposes (FAPP), it is understandable that Boltzmann and Eddington 
should have found it tempting to associate the arrow of time with the global 
increase in entropy. Nevertheless, some weighty objections count against the 
identification of the arrow of time with the Second law of thermodynamics. 
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4.3 Reversibility and Irreversibility 


The Second Law can never be proved mathematically by means of the equations of 

dynamics alone. (Boltzmann 1895a, 414) 

Even if our daily experience tells us that time passes, in a measurable way, this 
human experience is compatible with different topologies of time. Time could be 
closed or linear, which would not be revealed by our local arrows. Hence a 
distinction should be upheld between the local arrows of time (the passage of time) 
and the global arrow of time (cf. Denbigh 1981, Chap. 6). 

As mentioned earlier, Ludwig Boltzmann identified the direction of time, in 
certain pockets of the universe, with the direction of increasing entropy (cf. Feynman 
1965, 115; van Fraassen 1970, 90ff; Davies 1974, Sect. 5.7; Zwart 1976, Chap. VI, 
Sect. 3; Whitrow 1980, Sect. 7.3; Sklar 1992, Chap. 3; Carroll 2010, Chap. 10). 
Whilst the whole universe languishes in a state of thermal equilibrium, there are local 
entropy-decreasing fluctuations. Our world exists in an ordered state, away from 
equilibrium, because it finds itself in an entropy-reduced fluctuation state. Of course, 
even in a state of reduced entropy, in which life can thrive, there is a tendency 
towards higher entropy (higher W) and equilibrium. Boltzmann holds that the arrow 
of time is the direction, in which local entropy is increasing, i.e. the direction of time, 
in which a small region of the universe evolves towards equilibrium. 

Whilst this explanation seemed at first to deliver a plausible candidate for the 
arrow of time, the confidence in the explanation was shattered by a number of 
so-called ‘reversibility’ objections, which forced Boltzmann to change the status 
of the Second law from a deterministic to a statistical law. First, as discussed in 
Chap. 2, it was the conclusion of Maxwell’s thought experiment (1871), involving 
‘a being with superior faculties’ that the demon could, ‘without expenditure of 
work’, sort the molecules into slower and faster ones, and apparently contravene 
the Second Law of thermodynamics, understood in its original deterministic sense. 
Then Maxwell concluded that the ‘learned Germans’ were ‘deluding themselves in 
trying to derive the Second law from mechanics’ (quoted in Earman and Norton 
1998, 439). Boltzmann’s deterministic understanding of the Second law encoun¬ 
tered the problem of the time-reversal invariance of the fundamental laws, which 
govern the evolution of the micro-systems in phase space. 

In 1876 Josef Loschmidt (1821-1895) raised his reversibility objection 
( Umkehreinwand ); twenty years later in a series of papers Ernst Zermelo 
(1871-1953) formulated his recurrence objection (Wiederkehreinwcind 1896) to 
the Second law (see Ehrenfest and Ehrenfest 1907; Reichenbach 1956, 110-117; 
Davies 1974, Chap. 3; Sklar 1993, 34-37; Ridderbos and Redhead 1998, 
1253-12544; Torretti 2007; Frigg 2008, Sects. 3.3.3.3; 3.2.3.4; Brown et al. 2009). 

Loschmidt’s objection is based on the time-symmetry of the laws of classical 
mechanics. Consider a classical mechanical system, consisting of N point particles. 
The system’s dynamical state at t„ is characterized by its position and momentum 
coordinates. Such a system will evolve towards an equilibrium state, which it 
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reaches at a later time tj. But now consider a second system whose time-reversed 
position and momentum coordinates correspond to that of the first system at t/. 
According to the time-reversible laws of mechanics this second system will evolve 
to a state, which is exactly the reverse of the first system, i.e. it will move away 
from the state of equilibrium. 

Zermelo’s recurrence objection is based on Poincare’s recurrence theorem 
(1890) as summarized by Boltzmann: 

Loschmidt has pointed out that according to the laws of mechanics, a system of particles 
interacting with any force law, which has gone through a sequence of states from some 
specified initial conditions, will go through the same sequence in reverse and return to its 
initial state if one reverses the velocities of all the particles. This fact seems to cast doubt 
on the possibility of giving a purely mechanical proof of the second law of thermody¬ 
namics, which asserts that for any such sequence of states the entropy must always 
increase. (Boltzmann 1877, 188) 

In fact, according to Poincare’s theorem, a finite mechanical system, whose 
state S 0 is characterized by the position (q k ) and momentum (p k ) variables of its 
micro-constituents, will return, sooner or later, as closely as possible to the initial 
set of variables, in Poincare recurrence time. Thus the Second law, in its statistical 
version, gives rise to de facto (not de jure ) irreversibility. 

These various objections forced Boltzmann to change the status of the Second 
law from a ‘mechanical’ (deterministic) to a statistical type. This change is 
reflected in the choice of words like ‘tendency’, ‘overwhelmingly likely’ etc. It 
had a significant impact on the view whether entropy could serve as a physical 
basis for the arrow of time. For if the increase in entropy only occurs with a certain 
typicality, and is subject to fluctuations and reversals, then it is difficult to see how 
entropy increase could be identified with the arrow of time, which must be uni¬ 
directional. As Popper pointed out: the arrow or the ‘flow’ of time ‘does not seem 
to be of a stochastic character; nothing suggests that it is subject to statistical 
fluctuations or connected with the law of large numbers’ (Popper 1965, 233). 

As the Second law does not forbid the occurrence of entropy-decreasing 
events—like the spontaneous reheating of a liquid—it appears to some writers, 
following in Maxwell’s footsteps, that the Second law of thermodynamics is not a 
fundamental law of physics and hence that it contains little information about the 
temporality or atemporality of the structure of the physical world (Earman 1974, 
Sect. 8; Lockwood 2005, Chap. 9; Aiello et al. 2008). By contrast, fundamental 
laws of physics are time-reversal invariant and they seem to tell us that the passage 
of time is not a fundamental feature of the physical universe (Box III). This time- 
reversal invariance means, as indicated, that the fundamental laws permit pro¬ 
cesses, which are generated by putting either t or —t. Both temporal parameters 
describe dynamically possible systems. As Loschmidt’s objection shows, the 
reversal of the velocities in a classical system produces another physically possible 
system. The r-invariance of the fundamental laws seems to show that ‘symmet¬ 
rical, two-way time suffices in the physical sciences and that unidirectional or one¬ 
way time is due to phenomena of consciousness. Our common idea of time is 
notably unidirectional but this is largely due to the phenomena of consciousness 
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and memory’ (Lewis 1930, 38; cf. Gold 1974). In his adoption of atemporality, 
G. N. Lewis does not appeal to the relativity of simultaneity but to the temporal 
symmetry of the fundamental laws. But he needs to dismiss the phenomenon of 
entropy as ‘merely a subjective concept’, which therefore holds no clue to the 
objective passage of time (Lewis 1930, 41). Lewis concludes his argument on the 
symmetry of time in the physical sciences by claiming that the ‘use of one-way 
time is a habit of thought’, which has led to unfortunate errors: 


Box III: Time-Reversal Invariance of Fundamental Classical Laws 

The complete micro-state of an isolated mechanical system of N particles 
can be represented by a point X in its phase space, T (Fig. 4.4): 

X= ^Vivi, F 2 V 2 .. .FvVa^ £ T, where fv, are the position and velocity 

components of an ith particle. If X(to ) is the micro-state at to, then the state 
at t\ will have the form X(t\) = T h _, 0 X(to), where T, is the Hamiltonian 
time evolution. If all velocities at time t 0 + t are reversed, a new micro¬ 
state: RX(to + t) will obtain. If the evolution of this micro-state is followed 
for another interval ‘t’, then T z RT x X{to) results, which is the state at X(to) 
but with all velocities reversed: RX(to). The snapshots taken of the micro¬ 
states (i.e. gas molecules) represent macroscopic states M (Fig. 4.6). To 
each macro-state M there corresponds a set of micro-states making up a 
region T M of the phase space T. The snapshots contain no information 
about the velocities of the particles, i.e. of where the particles are heading, 
so that X £ Tm and RX £Tm (where L, w is a set of micro-states, making up 
a macro-state M). This shows the problem of assigning time order to the 
snapshots: going from one macro-state Mi (at tf to another M 2 (at t 2 = 
tj + t, t > 0) means: 

• There is a micro-state X S F^, for which T,X = Y £ V but also 

• RY £ T M2 and T,RY = RX £ r M , 

Where does the experience of temporal evolution come from? 

(Lebowitz 1994, Sect. 8.2, 133-134; cf. Earman 1967a); Schlegel 1968, 
Chap. Ill, Sect. 1; Kroes 1985, Chap. Ill; Horwich 1987, Sect. 3.5; Aiello 
et al. 2008; Carroll 2010, 133-134). See also the discussion of the spin echo 
experiments, Sect. 4.6.1. 


If science had accepted the principle of symmetry in time, it would have eliminated the 
idea of unidirectional causality, which has led to many errors in classical physics. (Lewis 
1930, 43) 

One such error was, according to Lewis, the application of the notion of entropy 
to the whole universe, a step taken by both Clausius and Eddington to secure the 
arrow of time. 
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If the universe is finite, as is now frequently supposed, then the formal application of our 
existing ideas of thermodynamics and statistics leads directly to the following statement: 

The precise present state of the universe has occurred in the past and will recur in the 
future, and in each case within finite time. Whether the universe actually is running down 
is, of course, another matter. (Lewis 1930, 39) 

G. N. Lewis hints at the desire for time-symmetric models of the universe, as 
they are discussed in modern cosmology. He also implicitly denies any link between 
probability and time. E. Zermelo, some years earlier, had already pointed out that 

(...) it is clear a priori that the probability concept has nothing to do with time and 
therefore cannot be used to deduce any conclusions about the direction of irreversible 
processes. On the contrary, any such deduction would be equally valid if one interchanged 
the initial and final states and considered the reversed process running in the opposite 
direction. (Zermelo 1896b, 235; italics in original; cf. Price 2002a; cf. Weizsaecker 1939; 
Price 2002a,b) 

In abandoning the project of deriving the Second law from mechanics alone, 
Boltzmann had hoped that a weakly t-invariant version, with its emphasis on 
typicality, would rescue the tendency towards equilibrium. After reformulating the 
Second law in a statistical manner, Boltzmann conceded that any association of 
entropy with the arrow of time must postulate, in addition, particular initial con¬ 
ditions, since the arrow of time cannot be derived from time-symmetric laws alone 
(Boltzmann 1898, Sects. 87, 88; 1877, 188; cf. Penrose 2010, Sect. 1.6). The 
evolution of a system from less typical to more typical states is not a question of 
statistics alone; it is also dependent on the initial conditions from which the system 
starts its evolution towards equilibrium. Gas molecules, which spread from one 
corner of a sealed container, will tend to populate the whole available space with 
overwhelming likelihood. However, the question now arises why a system with an 
initial low-entropy state spreads into the available phase space, thus increasing the 
entropy of the system. 

The stipulation of low-entropy conditions at the beginning of a system, like the 
universe, leads to a further objection against the Second Law, as Lewis realized: it 
favours initial over final boundary conditions. Given the initial bias, it should come 
as no surprise that entropy rises towards a maximum, according to the Second law. 
In fact the more fundamental objection claims that temporal asymmetry is 
obtained because of an inherent preference in favour of initial over final conditions 
(Schulman 1997; Price 1996). However, if initial and final boundary conditions 
were to be treated as symmetric, then the current entropy level of the world could 
be explained as arising from either direction with the same probability (Schulman 
1994, 1997; Price 2002a, b; cf. Gell-Mann and Hartle 1994). This is the two-time 
boundary problem , mentioned in Chap. 2, which leads to calls for time-symmetric 
cosmological models. If the current entropy state of the universe is at a higher 
level than either the initial or the final state, it can be accounted for either from the 
point of view of the initial or the final condition. In this case the customary one¬ 
way temporal asymmetry would disappear. Thus the question becomes what a 
truly time-symmetric model of the universe would look like. It no longer assumes 
that the universe evolves monotonically from a state of lower entropy at the initial 
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conditions (Big Bang) to a state of higher entropy in the future because its current 
state of higher entropy could have been ‘caused’ by final low-entropy conditions in 
the distant future. L. Boltzmann hinted at this possibility when he pointed out 

a peculiar consequence of Loschmidt’ s theorem, namely that when we follow the state of 
the world into the infinitely distant past, we are actually just as correct in taking it to be 
very probable that we would reach a state in which all temperature differences have 
disappeared, as we would be in following the state of the world into the distant future. 
(Boltzmann 1877, 193) 

Thus the close connection between the anisotropy of time and cosmology, first 
noted by the Greeks, has persisted into the modern age. At the same time, the focus 
has shifted to the role of boundary conditions. As Boltzmann conceded, the 
evolution of a system from less probable to more probable states is dependent on 
the initial conditions. This emphasis on the asymmetry of boundary conditions 
does not suffice to explain the universal spreading of thermodynamic states into the 
available phase space. As will be discussed below, the study of quantum cos¬ 
mology has added valuable insights into the question of the arrow of time. 


4.4 The Role of Boundary Conditions 


Coffee cools because the quasar 3C273 grows more distant (Schulman 1994, 123). 

Consider a pond, in whose middle a bystander drops a stone. Experience tells us 
that ripples will form from the middle and diverge towards the edge. What is never 
experienced is the reverse situation, in which waves form spontaneously at the 
edge and converge towards the middle, where they conspire to lift a stone from the 
bottom of the lake and hurl it up into the air. Why not? It seems to be extremely 
unlikely that such an event could happen, at least in our admittedly limited 
experience. It seems that diverging waves are far more typical than converging 
waves. But the notion of typicality should not be linked to human experience. 
Human experience is naturally biased towards favouring initial conditions and too 
limited to observe the conspiracy of convergence. Our experience tells us that 
initial conditions are often more orderly than final conditions. Coffee grows cold 
and people grow old and we regard this movement from ordered initial conditions 
to unordered final conditions as the normal process. The process from initial lower 
entropy to final higher entropy is considered as typical and we tend to identify it 
with the anisotropy of time. As seen in Chap. 2, many cosmological models are 
based on this asymmetry of initial and final conditions. Popper’s pond example 
was meant to show that irreversible processes arise already in classical mechanics 
(Popper 1956, 1957, 1965). According to Popper such irreversible processes, 
which only occur with high probability (weak /-invariance), show that thermo¬ 
dynamic considerations should not be employed to ground the arrow of time. 
Statistical mechanics is compatible with rare energy fluctuations but the arrow of 
time is logically unidirectional. 
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The suggestion has been made (first by Boltzmann himself) that the arrow of time is, either 
by its very nature, or by definition, connected with the increase in entropy; so that entropy 
cannot decrease in time because a decrease would mean a reversal of its arrow, and 
therefore an increase relative to the reversed arrow. Much as I admire the boldness of this 
idea, I think that it is absurd, especially in view of the undeniable fact that thermodynamic 
fluctuations do exist. (Popper 1958, 403) 6 

Popper locates the essential asymmetry of our experience in the asymmetric 
boundary conditions, which produce the diverging water ripples. He points out that 
in order for the conditions at the edge of the lake to produce a time-reversed 
process they would have to display a degree of statistically unlikely coherence. 
A conspiracy of the boundary conditions at the edge of the lake is so highly 
improbable that it is not expected to occur in the lifetime of the universe. However, 
this possibility cannot be ruled out by the laws of statistical mechanics. Clearly, 
then, the role of boundary conditions must be taken seriously, if we want to 
understand irreversible processes and the arrow of time. But despite Popper’s 
denial, the thermodynamic arrow may be related to the cosmological arrow of 
time, in two different ways. 

1. The Past Hypothesis. Consider the dropping of the stone into the middle of the 
lake as the analogy of the Big Bang, which started the universe 13.7 billion 
years ago, and the diverging ripples as corresponding to the formation of 
matter, solar systems and galaxies. According to the Big Bang scenario our 
universe had a beginning in specific low-entropy boundary conditions, which 
started the cosmological expansion of the universe and the observed temporal 
asymmetry (anisotropy of time) (Penrose 2010). The postulation of a low- 
entropy past, close to the Big Bang, is called the Past hypothesis (Albert 2000, 
96; Earman 2006; Carroll 2010, 179-185). But it seems that the postulation of a 
low-entropy past must be enhanced by some dynamical explanation of the 
increase in entropy in order to explain the current entropic state of the universe 
and its eventual fate in, perhaps, some kind of ‘heat death’ or ‘big chill’. 

2. Cosmological Expansion. Thomas Gold has argued that the thermodynamic 
arrow of time is closely coupled to the cosmological expansion of the universe. 

Gold sees the expansion of the universe as the originator of the thermodynamic 
arrow of time (Gold 1962; cf. Schulman 1997, Sect. 4.1; cf. Davies 1974, 
Sect. 7.4). It is the expansion of the universe, which is responsible for the ther¬ 
modynamic arrow of time, for the universe is a ‘sink’; it absorbs radiation from 
thermodynamic systems, which release photons into their surroundings. Gold 
concludes: ‘It is this facility of the universe to soak up any amount of radiation that 
(...) enables it to define the arrow of time in any system that is in contact with the 
sink’. Gold uses the analogy of a star trapped in an insulating box to illustrate the 
association of the thermodynamic arrow of time with the expansion of the universe 


6 Strictly speaking, Boltzmann does not simply equate entropy increase with time’s arrow. As 
noted above he simply makes the claim that in a universe subject to fluctuations, the direction of 
time into the future tends to be the direction, in which entropy is increasing. 
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Fig. 4.5 Thermodynamic and cosmological arrows related. A star confined to a box as an 
illustration of the dependence of the thermodynamic arrow on the cosmological arrow (Schulman 
1997, 127; Gold 1962, 405) 


(Fig. 4.5). When the star has been in the box for a long time, ‘time’s arrow will 
have vanished’ (Gold 1962, 405). But what would happen if the box was pierced, 
creating a small opening to the environment? Enough radiation would again 
escape into the ‘sink’ of deep space to reintroduce the arrow inside the box. 
‘Time’s arrow would again be defined inside the box for some time until the 
statistical equilibrium had been re-established’. The universe has an ‘unlimited 
capacity for swallowing up heat’, and this tendency of radiation ‘to diverge’ is 
related to the expansion of the universe. 

One consequence of Gold’s suggestion is that the arrow of time depends on the 
fate of the universe. If the universe expands forever, and evolves towards a heat 
death, in which thermal equilibrium rules, the arrow of time will disappear. But in an 
expanding and contracting universe, which reaches a highest level of expansion and 
begins to retract, the arrow of time will reverse (Gold 1962, 408; 1966, 326-328). 
On Gold’s view, then, cosmological and thermodynamic arrows are aligned. 

But is it correct to claim that at the moment of reversal the thermodynamic 
arrow of time would flip and that entropy would begin to decrease? This problem 
is known as the switch-over problem , to which we shall return (Schulman 1994, 
1997, Chap. 4; cf. Fig. 2.4c). Why would the universe retract after reaching a 
maximal expansion? The answer to this question may depend on whether the 
universe is symmetric or asymmetric in its boundary conditions. 

To consider these scenarios in more detail, it is convenient to explore first the 
asymmetry of boundary conditions (Sect. 4.4.1) and then to consider the symmetry 
of boundary conditions (Sect. 4.4.2). 
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Fig. 4.6 Typical behaviour of an ensemble of gas molecules 


4.4.1 The Asymmetry of Boundary Conditions 

Turning first to the role of boundary conditions in statistical mechanics, the emphasis 
on the typicality of behaviour represents one attempt at understanding asymmetric 
macroscopic behaviour. 7 (Lebowitz 1994, Sect. 8.7, 137-140; Goldstein 2011) 

Consider again a container filled with gas molecules and their dispersal into 
larger areas of phase space (Lebowitz 1994, 133) (Fig. 4.6). The sequence from 
left to right—M a —> M b —> M c —is highly typical, whilst the sequence from right 
to left is highly atypical. Typical behaviour is defined as that ‘which occurs with 
large probability with respect to the given initial ensemble; i.e. the set of points X 
in the ensemble for which the statement is true comprise a region of the energy 
surface whose volume fraction is very close to one, for N very large’ (Lebowitz 
1994, 137). The laws of mechanics allow a reversal of the system’s dynamical 
state, such that the Boltzmann entropy S B (t) would decrease. The system would 
then evolve from M c —> M b —> M a , as time increases. The point is, however, that 
this behaviour is highly atypical, even though it is permitted by the time- 
symmetric laws. It would require a ‘conspiracy’ of the condition in M c , which not 
only contradicts our experience with such systems but would also require highly 
atypical conditions in M c . 

In this approach, then, a time-reversed evolution of the situation, depicted in 
Figs. 4.6, 4.7 are not ruled out. If an initial micro-state, M c . is created by reversing 
the position and momentum coordinates of its micro-constituents, then the 
reversibility of the underlying dynamic laws would allow the Boltzmann entropy 
to decrease, as t increases, but such an entropy-decreasing evolution would require 
a highly unlikely conspiracy (atypicality) of the final boundary conditions. It is a 
case of the aforementioned weak f-symmetry. Typicality means that the final 
conditions are not expected to conspire to engineer a reversal of the familiar 
sequence of events from lower to higher states of entropy. In Popper’s pond 
example there is no conspiracy of the conditions on the edge of the lake such that 
the diverging waves would become time-reversed converging waves. Typicality 
arguments are quite common: Penrose, for instance, proposes a thought 


7 There are several versions of this approach (see Frigg 2009) and it competes with an alternative 
approach in terms of epsilon-ergodicity (see Frigg and Werndl 2011). 
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Fig. 4.7 The evolution of a 
system to a highly typical, 
fibrillated state 



experiment, according to which the asymmetry in the quantum-mechanical 
measurement process is due to the typicality of the initial conditions and the 
atypicality of the final conditions (see Fig. 4.19). Typicality is linked to stability. 

...the macroscopic behaviour of a system with micro-state Y in the state M b coming from 
M a , which is typical with respect to [phase space] F Ma , i.e. such that [the temporal 
evolution] T t Y is typical of T Ma , S B (M a ) < S B (M b ), is stable against perturbations as far 
as its future is concerned but very unstable as far as its past (and thus the future behaviour 
of RY) (...) is concerned. (Lebowitz 1994, 139; italics in original) 

The reason is that the reversed, entropy-decreasing evolution of the system 
requires such ‘perfect aiming’ (Lebowitz 1994, 139) that it is unlikely to happen 
even though it is not forbidden by the underlying dynamics (cf. Sect. 4.6.3). Even 
though the underlying laws are time-reversal invariant, and probability itself is a 
time-symmetric notion, this approach shows that the role of the initial conditions 
should not be downplayed. They form an essential part of the physical world. The 
boundary conditions are needed to solve the equations and, according to this 
approach, to understand the typical behaviour of such systems. 

A convenient way to model typical behaviour is to study the Ehrenfest double 
urn model. 8 It is a model of two containers with a numbered set of balls, which are 
unevenly distributed between them. For instance, there may be, as an initial 
condition, 100 balls in the two urns overall, with 75 balls in the left-hand bowl and 
25 in the right-hand bowl (Fig. 4.8). 


See Ehrenfest and Ehrenfest (1907); Gell-Mann and Hartle (1994), 318-322; Wheeler (1994), 
1-3; Schulman (1997), Sect. 2.1; Ambegaokar and Clerk (1999). 
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Fig. 4.8 The Ehrenfest double urn model 

The system evolves according to a time-symmetric dynamical rule, which is 
illustrated by the turning roulette wheel. It selects a certain number (say 17), which 
is then moved from one urn to the other. Given the initial uneven distribution of 
the balls, the probability that any particular ball finds itself in the left-hand urn 
rather than the right-hand urn is the greater the more balls there are in the left-hand 
bowl. The roulette wheel itself displays no preferences. This situation, which starts 
from a particular set of initial conditions, is reminiscent of the classic illustration 
of two containers, one with cold water, the other with hot water, which are allowed 
to mix. Such systems will approach equilibrium, as a function of the number of 
turns or time steps, which are allowed. That is, the two liquids will equalize their 
temperatures and the balls will soon approach a 50:50 distribution, if no further 
conditions are imposed. The entropy of these systems will grow towards their 
maximum equilibrium value. 

The snag is that in the laboratory it is easy to prepare initial lower entropy 
conditions, which then evolve towards equilibrium. But if this picture is extended 
to the whole universe a low-entropy initial condition (Big Bang) must be postu¬ 
lated, for which the volume of phase space \Tm„\ is small compared to the total 
available phase space, which corresponds approximately to the available volume at 
the final condition, M f , i.e. the Big Chill, I ' Mf (see Penrose 1990, Chap. 7). 
Penrose estimates that the ratio IF M a I / 1 -T Mf | is of the order of 10 10 ' 23 , which is 
sufficiently small to explain the observable entropy-increasing evolution of the 
universe. This ratio then justifies treating I ’, w „ as the initial micro-state of the 
universe (Lebowitz 1994, 141) (Fig. 4.9). 
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Fig. 4.9 Evolution of a system with initial boundary conditions, which makes the trajectories 
end in a large region (adapted from Hawking 1994, 347) 


Fig. 4.10 An arrow of time 
arises from asymmetric 
boundary conditions, by 
whatever mechanism the 
asymmetry may be achieved 
and even if the universe is 
assumed to recollapse 



This ratio indicates that, even on the assumption of a re-collapsing universe, 
initial and final conditions may not even approximately be symmetric. As noted 
above, Penrose (2005, 765-768) has proposed that in general relativistic space- 
times, space-time curvature may experience a gravitational tidal distortion— 
expressed in the Weyl tensor. The Weyl curvature tensor is approximately zero at the 
Big Bang but much greater at the Big Chill, i.e. the gravitational collapse of matter 
into black holes. In terms of the topology of time this hypothesis means that on a Big 
Bang—Big Chill curve, the final conditions would be very different from the initial 
conditions. The final conditions would resemble the nineteenth century heat death. It 
could be represented as an open-ended line (see Fig. 2.4a), rather than an open-ended 
circle (Figs. 2.4b, 4.10). The cosmological conditions would be asymmetric and 
there would be an arrow of time (cf. Gell-Mann and Hartle 1993, Sect. 7). 

However, the statistical-mechanical approach, inspired by Boltzmann, does not 
answer the question of the origin of the initial state of the universe, nor why we 
are entitled to assume it to be a low-entropy state (as in the Past hypothesis). 
Boltzmann speculated that our universe, with its low-entropy initial conditions, 
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may be the result of a gigantic fluctuation from a larger universe in thermodynamic 
equilibrium. At the current state of research, the Past Hypothesis is an empirical 
fact in search of a proper theoretical underpinning. Furthermore, the appeal to 
typicality is only justified on the assumption that future low-entropy boundary 
conditions can be excluded (Price 2002b, 101; Penrose 2010, 54—55). But can 
they? The conditions in the early and late universe are so extreme that classical 
approaches, like statistical mechanics and General relativity, are deemed to be 
inappropriate. The lack of a theoretical explanation of the Past Hypothesis justifies 
a consideration of cosmological models with two-time boundary conditions. As we 
shall see, both models with either asymmetric or symmetric boundary conditions 
must be considered in the arena of quantum cosmology, because the conditions at 
either end of the history of the universe cannot properly be treated within the 
framework of traditional physics. 


4.4.2 The Sectional Nature of Time 

Although the direct identification of the arrow of time with the increase in entropy, 
as suggested by Boltzmann and Eddington, has fallen foul of a number of serious 
reversibility objections, the entropy relation is such a fundamental phenomenon 
that it may be regarded as one plausible indicator for the arrow of time. That is, 
increase in entropy may at least serve as one of the signposts for the anisotropy of 
time (cf. Reichenbach 1956; Griinbaum 1955; 1967; 1974; Davies 1974; Denbigh 
1981; Shallis 1983, Chap. IV; Carroll 2010). One advantage of viewing entropy as 
an indicator of the anisotropy of time is that it may be considered in conjunction 
with other indicators (still to be discussed): the cosmological expansion, the 
measurement process in quantum mechanics, the radio-active decay of particles 
and the quantum-mechanical phenomenon of decoherence. It is useful to recall 
from the previous discussion that the measure of time’s passage can be associated 
with different natural processes but that they need to satisfy the criteria of (periodic) 
regularity and invariance. The entropy relation satisfies these criteria. According to 
Reichenbach, what emerges from a statistical version of the Second law and the 
increase of entropy is what he termed ‘the sectional nature of time direction’ 
(Reichenbach 1956, Sect. 11.15). Reichenbach argues that the Special theory of 
relativity ‘cannot solve the problem of the direction of time for which we need to 
consider probability relations’ (Reichenbach 1956, 25-26). 

Reichenbach hopes to recover the probabilistic relation, which he needs to 
define the anisotropy of time, from thermodynamics and statistical mechanics. 
(Thus Reichenbach works with the notion of probability, rather than typicality.) 
Reichenbach distinguishes the order of time from the direction of time. Irre¬ 
versible processes, as they are found in thermodynamics and statistical mechanics, 
define a ‘direction of time’, whilst reversible processes, as they are found in 
mechanics, define a mere ‘order of time’ (Reichenbach 1956, Sect. II.4). 
According to Kant and Leibniz, the time order reduces to the causal order of 
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events, and it does so in the space-time representation of the Special theory. The 
order of events is invariant for all time-like related observers, despite their dis¬ 
agreement about the simultaneity of events. The causal order is determined by the 
null-like world lines, which define the limit at which causal signals can propagate 
and have the potential to affect future events. Reichenbach regards it as 
Boltzmann’s most important discovery that the question of the global direction of 
time must be separated from the question of the time direction accessible to human 
observers. Reichenbach therefore agrees with Boltzmann that ‘the direction of 
time is explained as a statistical trend’. 

With his statistical definition of a time direction that is restricted to a section of the total 
time of the universe, Boltzmann has shown the way to solve the paradox of the statistical 
direction, the problem of reconciling the unidirectional nature of macrotime with the 
reversibility of microprocesses. (Reichenbach 1956, 134) 

Although Reichenbach relies on the characterization of entropy in statistical 
mechanics, he applies the trend toward equalization of entropy states to ‘the 
universe as a whole’ (Reichenbach 1956, 54). Thus Reichenbach hopes to infer the 
arrow of time from the passage of time. 

Does this proposal make sense? Popper objected to a statistical notion of time 
on the ground that the direction of time must be unidirectional. But if the universe 
experienced entropy fluctuations or a reversal of its evolution towards a Big 
Crunch, time’s arrow would reverse. Entropy, to repeat, is characterized as the 
number of micro-states, which are compatible with a given macro-state: 
S = k log W. The probability of the macro-states with respect to the number of 
micro-states is the determining factor (Reichenbach 1956, Sect. III.10). This 
probability accounts for the transition from low W to high W. But from the point of 
view of time-symmetric mechanics, if a system is in a non-equilibrium state, the 
likelihood of its evolution to a low-entropy state is mathematically as probable as 
its evolution from a higher entropy state to its current state (Fig. 4.15). 

Reichenbach therefore introduces the idea of a majority of branch systems. 
Branch systems are systems, which become temporarily isolated from a more 
comprehensive system, and then undergo an evolution from a state of lower 
entropy to a state of higher entropy. Examples of such branch systems are the 
behaviour of gas molecules in a closed container or the melting of an ice cube in a 
glass of water. ‘When we infer from the inequality Sb > S A that probably A was 
earlier than B, this probability (...) refers not to the sequence of states of isolated 
systems, to which the states A and B belong, but to a series of similar systems, 
conceived as an ensemble of branch systems. That is, it refers, not to a time 
ensemble, but to a space ensemble’ (Reichenbach 1956. 118; italics in original). 
An advantage of an appeal to branch systems is that they come into existence at a 
particular moment in time, which rules out the worry that they may have arisen 
from a higher entropy state in the past. The decisive aspect of this characterization 
is the parallelism of the entropic evolution in a number of branch systems, rather 
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than in one individual isolated system. 9 Through a consideration of the parallelism 
of entropic behaviour Reichenbach arrives at the conception of a sectional nature 
of time direction (Reichenbach 1956, Sect. III. 15). A time direction can be defined 
only for sections of the total entropy curve. The direction of time is the direction, 
in which most thermodynamic systems evolve, as Boltzmann had suggested. An 
increase of entropy is observed in most branch systems from which it is inferred 
that the universe as a whole is also on a rising entropy gradient. ‘The universal 
increase of entropy is reflected in the behaviour of branch systems’ (Reichenbach 
1956, Chap. III. Sects.15, 16). However, in the light of the above remarks, what 
needs to be considered is not just a parallelism of the entropic behaviour of branch 
systems but a parallelism of many different natural systems, whose evolution could 
serve as indicators of the arrow of time. 

The fundamental problem with Reichenbach’s proposal is that inferences from a 
local neighbourhood, where the entropy of branch systems may be rising, to the 
entropic behaviour of the universe as a whole, may be unreliable. For this proposal to 
make sense, Reichenbach should treat the parallelism of entropic increase in branch 
systems as indicators of the direction of time. It is a de facto rather than a cle jure 
irreversibility. The question of the global arrow of time should be treated separately. 


4.4.3 De Facto and De Jure Irreversibility 

The philosopher Adolf Griinbaum observed that irreversible processes render time 
anisotropic but this thesis is not to be conflated with the statement that ‘time flows 
one way' (Griinbaum 1967). Griinbaum is concerned with physical, rather than 
human time. The ‘flow’ of time is a human impression but physical time must be 
based on appropriate physical processes. This is not to say that these two aspects of 
anisotropy are unrelated. According to Leibniz, human time is an abstraction from 
physical time. But this link means, as argued in Chap. 2, that human time must be 
based on and constructed from physical time, a conclusion which follows from a 
consideration of both the views of the British Empiricists and Immanuel Kant. 
Griinbaum introduces two senses of ‘irreversiblity’: (a) de facto (a statement of 
empirical fact) and (b) de jure (governed by physical laws). Reichenbach’s branch 
systems, Landsberg weak /-invariance and typicality approaches to statistical 
mechanics are examples of de facto irreversibility. A de jure sense of irrevers¬ 
ibility makes irreversibility a matter of the lawlike behaviour of physical systems. 
If the Second law of thermodynamics were a fundamental law, as Penrose pro¬ 
poses, then it would govern the asymmetry of natural processes. An alternative 


9 Reichenbach (1956, 136) emphasizes the parallelism of entropic behaviour: ‘In the vast 
majority of branch systems, the directions toward higher entropy are parallel to one another and 
to that of the main system.’ This parallelism has been stressed by other writers, e.g. Griinbaum 
(1955); Davies (1974, Sect. 3.4); Denbigh (1981), Sect. 6.3; Horwich (1987), Sects. 3.5-3.6; 
Sklar (1992), 318-331, (1993); Halliwell (1994a), Sect. 25.2; Hartle (2011). 
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approach, discussed below, is to stipulate a ‘law of conditional independence’. But 
there are few processes in nature, which give rise to such de jure irreversibility. 

The most famous example is the violation of parity symmetry. 1 " In 1957 
C. S. Wu discovered parity non-conservation in beta decay of Co 60 . Soon after¬ 
wards parity nonconservation was observed in meson decay (Garwin et al. 1957) 
and hyperon decay (Crawford et al. 1957). Generally, electromagnetic interactions 
display parity invariance or invariance under space reflection. Weak interactions, 
however, display a preference for chirality: right- or left-handedness. Parity 
invariance is violated in weak interactions. Wu took up a suggestion by Lee and 
Yang to measure the angular distribution of electrons in beta decay (of polarized 
CO 60 ): CO 60 -► Ni 60 + e“ + v e . 

Let 9 be the angle between the orientation of the parent nuclei and the 
momentum of electrons. Wu and her coworkers observed an asymmetry in the 
distribution of electron momentum parallel and anti-parallel to the nucleus spin. 
The asymmetry of beta particle emission was dependent on the direction of the 
magnet field, H. The asymmetry showed that parity was not conserved in beta 
decay. ‘If an asymmetry in the distribution between 0 and 180° — 0 (...) is 
observed’, they write, ‘it provides unequivocal proof that parity is not conserved in 
beta decay. The asymmetry effect has been observed in the case of oriented CO 60 
(Wu et al. 1957, 1413). 

To illustrate the violation of parity in weak interactions, consider the n + meson 
decay: 

n + -> + v„. (4-4) 

Wu’s experiment showed that in weak decay processes particles are emitted 
with left-handedness, anti-particles with right-handedness (Fig. 4.11a, b). 

But the decay of K-mesons is such an exceptional phenomenon that it could 
hardly serve as a basis for a general notion of irreversibility. By contrast, de facto 
irreversibility is a wide-spread phenomenon both in everyday and scientific 
experience. It is a weak sense of irreversibility because it is compatible with the 
f-symmetry of the fundamental laws. It relies on the asymmetry of boundary 
conditions and the tendency of micro-systems to spread into the available phase 
space. This tendency of collections of systems makes the corresponding macro¬ 
processes irreversible, whilst the micro-processes are governed by fundamental 
time-symmetric laws. The boundary conditions are asymmetric means: coherence 
is typical, conspiracy is atypical. It is the coherence of initial conditions, which 
tends to lead to entropy increase; for final low-entropy conditions to produce the 
current observable higher entropy states would require an unlikely conspiracy; 
equally for high-entropy fibrillated states to return to lower entropy states, as in 
Popper’s pond analogy, would require a degree of fine-tuning, which is unlikely to 


10 Wu et al. (1957); cf. Quinn and Witherell (2003); Feynman (1997), Sects. 2.4-2.9; Weinberg 
(1993); Davies (1974), 176; Morrison (1957). 
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Fig. 4.11 n + decay, a The /i + (anti-muon) and v^ (muon neutrino) are only emitted with left- 
handedness. Because of conservation laws, their spins are opposite but both particles have left- 
handed chirality. Parity is violated, since the mirror image (top right in Figure b) does not occur; 
only left-handed leptons participate in weak interactions, b When charge is reversed, parity is 
restored, (bottom right , Figure b). Meson decay is invariant under the simultaneous change of 
parity and charge: CP invariance 


occur in the history of the universe. Griinbaum (1967) agrees with Reichenbach 
that the majority of branch systems, displaying a parallel increase in entropy, 
constitutes an ‘earlier-later’ direction, and that statistically anisotropic behaviour is 
an objective fact. Time direction has been made factually irreversible in order to 
be compatible with the time-symmetric fundamental laws. 

One concern with the Reichenbach-Griinbaum explanation of the anisotropy of 
time—as the entropic behaviour of an overwhelming majority of branch systems— 
is that it implicitly favours the initial conditions, both in branch systems and the 
universe. There seems to be little disagreement that it is de facto the case that the 
initial conditions of the universe were in a low-entropy state. This initial state, 
together with the Second law of thermodynamics, which is a statistical regularity, 
provides an empirical explanation of the current state of the universe. But the 
worry about de facto, empirical accounts of the direction of time is that they 
assume an asymmetry in the boundary conditions. Critics of these factual 
approaches argue that any explanation of the arrow of time should start from an 
assumption of symmetry (of boundary conditions or the laws). If the universe 
really is characterized by an asymmetric arrow of time, this asymmetry will need 
to be based on fundamental considerations, as they arise in quantum cosmology. It 
cannot be made on the basis of an inference from local to global arrows. Propo¬ 
nents of an arrow of time have therefore turned to more fundamental consider¬ 
ations, such as Penrose’s Weyl curvature hypothesis or the Taw of conditional 
independence’. 
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4.4.4 The Law of Conditional Independence 

Settling for a de facto irreversibility of thermodynamic processes is one way of 
making the f-invariance of the fundamental physical laws compatible with the 
asymmetric behaviour of many physical systems. The increase in entropy in a 
majority of branch systems is an empirical explanation of the observable passage 
of time but it lacks the systemic explanatory power, which the /-invariance of the 
fundamental laws possesses. If an asymmetric law could be found, which sup¬ 
plements the f-reversible fundamental laws, then the irreversibility of the macro¬ 
processes could be derived. In 1962, the physicists O. Penrose and I. C. Percival 
proposed such a law, which they named ‘the law of conditional independence’. It 
states that ‘influences coming from infinity in different directions are statistically 
independent’ (Penrose and Percival 1962; cf. Griinbaum 1967; Davies 1974, 
119-120; Horwich 1987, Sect. 3.8; Sklar 1993, 249-256; Price 1996, 118). This 
characterization is reminiscent of Popper’s pond analogy, according to which it is 
extremely unlikely that an effect, like a splash from a stone, is due to a conspiracy 
of uncorrelated conditions at the edge of the lake. Penrose and Percival consider a 
4-region 5ft in space-time, which consists of 

(...) three disjoint parts A, B and C, and c is a particular history of C with P(c) 0, then 
we shall say that the regions A and B or histories a and b are conditionally uncorrelated 
{independent) given c when P{a , b/c) = P(a/c)/P(b/c) (all a.b). The histories a and b are 
then uncorrelated in the sub-assembly defined by the history c. (Penrose and Percival 
1962, 609) 

The authors use the notion of factorizability to characterize statistical independence: 

P(a, b) = P{a)P(b) (4.5) 

They proceed to derive a law of conditional independence, 1 the formal statement 
of which is: 

If A and B are any two disjoint 4-regions, and C is any 4-region which divides the union of 
the pasts of A and B into two parts, one containing A and the other containing B, then 
A and B are conditionally independent given c. That is p(a, b/c) = p(a/c)p(b/c ) (all a, b ) 

As usual, a, b and c are the histories of A, B and C respectively. (Penrose and Percival 
1962, 611) (see Fig. 4.12) 

Penrose and Percival claim that from this asymmetric law of conditional 
independence, the time direction of irreversible physical processes can be derived 
(Penrose and Percival 1962, 606). They treat the direction of time in terms of the 
properties of the probability distributions amongst space-time events where 


11 Note that the above distinction between the cosmic ‘arrow’ and the ‘passage’ of time (local 
arrows) would save the ‘independence of incoming influences' from the symmetry objections, 
discussed below, against the arrow of time, if Penrose and Percival restricted the law to the 
sectional nature of time but they consider it to be a global law. 



4.4 The Role of Boundary Conditions 


199 


t 


▲ 




Fig. 4.12 Conditional independence. Illustration of the law of conditional independence, with 
three space-time regions, where the vertical and wavy horizontal lines indicate the past of region 
A and B, respectively. Region C extends infinitely into the past (Adapted from Penrose and 
Percival 1962, 610). Note that this diagram could be changed to future light cones, in which case 
histories a and b would be equally uncorrelated 


probabilities are defined as statistical frequencies over ‘an ensemble extending all 
over space’ (Penrose and Percival 1962, Sect. 9). This makes irreversibility a 
cosmological issue. But Penrose and Percival reject Boltzmann’s proposal to treat 
the observable universe as a ‘giant fluctuation from thermal equilibrium’. By 
contrast according to the law of conditional independence ‘time always goes in the 
same direction’ (Penrose and Percival 1962, 614). The derivation of the law is 
based on the assumption that ‘causal influences coming from infinity in different 
directions are independent’ (Penrose and Percival 1962, 611). However, it is 
precisely this assumption, which is questioned in two-time boundary condition 
models of the universe. If initial conditions are not to be favoured over final 
conditions, the possibility that future boundary conditions may act as an ‘attractor’ 
of current conditions cannot be excluded. Hence the need arises to consider the 
symmetry of boundary conditions. 
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4.4.5 The Switch-Over Problem 

A previous section considered Gold’s hypothesis, which coupled the cosmological 
and the thermodynamic arrows of time. On this view the thermodynamic arrow of 
time trails the cosmological arrow. This coupling seems to have the consequence 
that any reversal of the cosmological arrow, during a recontracting phase of 
cosmic history, would imply a reversal of the arrow of time. If, for the time being, 
we adopt the (mistaken) identification of the thermodynamic arrow of time with 
the increase in disorder (entropy), then a re-collapsing universe seems to imply a 
flipping of the arrow of time and therefore a decrease in disorder. 

At first, I believed that disorder would decrease when the universe recollapsed. This was 
because I thought that the universe had to return to a smooth and ordered state when it 
became small again. This would mean that the contracting phase would be like the time 
reverse of the expanding phase. People in the contracting phase would live their lives 
backward: they would die before they were born and get younger as the universe con¬ 
tracted. (Hawking 1988, 150) 

But Gold’s hypothesis seems to face the so-called the switch-over problem with 
regard to the reversal of time in a re-contracting universe (Fig. 2.4c). According to 
Roger Penrose the assumption that initial and final conditions are symmetric rather 
than asymmetric, as in the standard approach, implies a flipping of the arrow of 
time at the switch-over point. 

(...) one would have to envisage (...) a middle state, in which phenomena of the normal 
sort (e.g. retarded radiation and shattering watches) would coexist with phenomena of the 
‘time-reversed’ sort (e.g. advanced radiation and self-assembling watches). (Quoted in 
Schulman 1997, 126) 

We also have trouble with various paradoxes. Suppose, for example, you have people 
living after the turnaround, in the contraction era. We can call them the contraction people 
(though they, of course, will think of us as the contraction people, and themselves as 
expansion people). They presumably will remember things that happened in what, from 
our perspective, is their future. If they were to be told things that had happened in what we 
would regard as their past, this would create a paradox. Because what would then prevent 
them from choosing to do something different? But now we are in what they regard as their 
future. So why couldn’t we send the contraction people a message, telling them about 
something they would regard as in the future: something, moreover, which it would seem 
to be in their power to do something about? (Penrose 1986, 41-42; italics in original; cf. 
Gold 1966, 326-327; Davies 1974, Sect. 7.4) 

However, it seems now generally accepted that entropy would continue to rise, 
even if the universe re-contracted. Even in a re-contracting, re-collapsing universe, 
stars would continue to emit radiation out into space, people would still be born 
before they die, coffee would still grow cold, and generally things would wind 
down. In a re-contracting universe it is not individual systems, which would 
reverse their direction but the expansion of the whole universe would grind to a 
halt and galaxies would begin to move towards each other. Sentient beings would 
still measure an expanding universe for some considerable time. Penrose’s 
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‘switch-over’ scenario fails to heed the distinction between local arrows and the 
cosmic arrow. As an analogy, consider a billiard table of vast dimensions, in which 
the balls spread out from a corner if hit by a cue ball. If the dimensions of the 
billiard table began to shrink to, say, half its size, this shrinking would not affect 
the forward trajectories of the balls. 

Hawking called the assumption that in a re-collapsing universe the entropy 
would decrease and things would begin to move back in time his ‘greatest mistake’ 
(Hawking 1994, 351; cf. Whitrow 1980, Sect. 7.1; Halliwell 1994a, Sect. 25.7; Zeh 
1994, Chap. 26). Entropy will continue to increase duration the contraction phase: 

There would be no reversal of the arrow of time at the point of maximum expansion. 

(Hawking 1994, 354; cf. Davies 1974, Sect. 4.5; Schulman 1997, Davies 2004, Novikov 

1998, Chap. XV) 

The universe does not collapse and the arrow of time continues pointing in the same 

direction as in the expansion. (Hawking and Penrose 1996, Chap. V; cf. Hawking 1988, 

150; Carroll 2010, 297-298) 

But if there is no reversal of the arrow of time in a re-contracting universe, then 
the cosmological and thermodynamical arrows will no longer be aligned. 1- If the 
universe is not expected to collapse to a final state, which would approximately be 
identical to its initial state, and the arrow of time fails to reverse, the switch-over 
problem does not arise. However, the final state of the universe is at present not 
precisely known, and cosmologists are exploring various scenarios, such as the 
symmetry or asymmetry of the boundary conditions and the so-called multiverse. 
The question, then, is what happens in a time-symmetric universe, which works on 
the assumption of a symmetry of initial and final conditions? 


4.4.6 The Symmetry of Boundary Conditions 

Hawking’s realization that the arrow of time does not flip even in a re-contracting 
universe amounts to a decoupling of the cosmological from the thermodynamic 
arrow. What, however, if there were nothing wrong with Gold’s idea that the 
thermodynamic arrow tracks the cosmological arrow. This alignment has 
the implication that the arrow of time reverses if the universe re-contracts. Yet, the 


12 Bojowald (2010, 228-229) offers a nice analogy: ‘But it is much more likely that such an 
inversion of time’s arrow would merely represent an illusion of the chosen mathematical 
description. As one wanders the Earth along a track across the North Pole, the latitude first 
motions upward. Once we pass the pole, the latitude decreases, but that does not mean that one 
would now travel back along the old trail. The longitude, after all, takes a different value on the 
other side of the pole. In the same way, when used as a parameter for time during the collapse, it 
would not mean that time then ran backward. Analogously to the longitude, one would just have 
to use other parameters to keep separate the universe before and after its maximal extension. 
Quantum cosmology thus does not offer clear-cut reasons for the reversion of time either’. 
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‘switchover’ scenario may not arise because, apart from the expansion of the 
universe, the rate at which the universe expands and eventually re-collapses has to 
be taken into account (Schulman 1994, 300-303; 1997, 125-138). 13 What is wrong 
with Gold’s hypothesis, according to this proposal, is that is contains a natural, 
intuitive preference for initial conditions over final conditions, as in Popper’s pond 
analogy. The unjustified favouring of ‘initial’ conditions over ‘final conditions’ is 
equivalent, Schulman complains, to ‘the setting of a thermodynamic arrow of time’ 
(Schulman 1994, 300). What happens, however, if the prejudice towards initial 
conditions is abandoned and both initial and final conditions are treated as 
symmetric? (Schulman 1997; Price 1996; cf. Zeh 1994.) A system under these 
conditions evolves towards its maximum entropy and then, as the result of imposing 
a final low-entropy condition, it moves back to lower entropy. The final state acts as 
an attractor, which returns the trajectories in phase space to a low-entropy region 
(Figs. 4.13, 4.14). It seems that in order to avoid any favouring of low-entropy 
initial conditions a model of rigorously symmetric boundary conditions needs to be 
adopted. 

The point of Gold’s thought experiment about the star trapped in a box is that 
the external influence—in particular the leaking of radiation into the expanding 
universe—fixes the thermodynamic arrow of time (Schulman 1994, 129). But why 
is this entropic evolution deemed to be the normal case? Schulman argues that the 
same curve would result, if radiation were allowed from outside to enter the box. 
The outside influence would also re-establish the arrow of time (Fig. 4.5). 
In cosmological terms, this outside influence would have to come from the distant 
final conditions of the universe. 

‘Why should the return to equilibrium follow the opening of the window?’ The 
answer is that an intuitive preference for ‘normal’ initial conditions exists (the star 
starts in a condition of low-entropy) and this preference bestows a direction of time 
on the sequence of events. But if the direction of time is defined as following the 
thermodynamic arrow, the argument becomes ‘circular’ (Schulman 1997, 128). If 
a low-entropy past and the universal increase of entropy in a statistical sense are 
assumed, then the movement from lower to higher states of entropy is practically 
guaranteed. As St. Hawking complains, ‘the second law is really a tautology’. 
Entropy increases with time because ‘we define the direction of time to be that in 
which entropy increases’ (Hawking 1994, 348; cf. Watanabe 1966; Schulman 
1997, 144Fn). But the arrow of time can only genuinely be explained if this 
explanation does not presuppose the asymmetry, which it purports to explain. If 
fundamental laws are time-symmetric then it would have to be shown that the 
boundary conditions are genuinely asymmetric, i.e. the initial conditions are not 
symmetric with final conditions. Otherwise we run the risk of committing what 
Price calls the ‘double standard fallacy’ (Price 1995; 1996); in other words we fall 


13 Schulman (1997, 143) writes: ‘The effect of future conditioning is not felt when that future is 
distant relative to the relaxation time. When that condition is too soon, the system cannot 
equilibrate normally and never attains the equilibrium entropy’. 
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Fig. 4.13 Evolution of a system with final boundary condition, which makes the trajectories end 
in a small region (From Hawking 1994, 348) 



Fig. 4.14 Evolution of a system with similar initial and final boundary conditions (Adapted from 
Hawking 1994, 352) 

foul of the parity of reasoning objection (Sklar 1995, 199). By what right do we 
favour inferences to the future over inferences to the past? Why do we assume 
entropy to rise towards the future and to be lower towards the past? This kind of 
thinking has led to calls for a strictly symmetric treatment of the boundary con¬ 
ditions. The only solution is to adopt a two-time boundary perspective. The 
favouring of initial over final conditions may reflect nothing but human prejudices 
and experiences. It is therefore worth investigating what a time-symmetric 
approach—scenarios with two-time boundary conditions—has to say about the 
arrow of time. In such an approach, the boundary conditions—the conditions, 
which govern the beginning and the end of the universe—are both assumed to be 
approximately identical low-entropy states. 
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Fig. 4.15 Time-symmetric probabilities. If a system is in a non-equilibrium state then it is as 
likely to have evolved from a state of higher entropy to a state of lower entropy, as it is to evolve 
from a state of lower entropy to a state of higher entropy (cf. Gell-Mann and Hartle 1994, 318). 
Gell-Mann and Hartle consider that a ‘universe is time-symmetric about a moment of time if the 
probabilities of any set of alternative histories are identical to those of the time-inverted set’ 
(Gell-Mann and Hartle 1994, 328) 


Consider, first, what happens when no boundary conditions are set. If a 
r-invariant dynamics rules, the relaxation to equilibrium is a time-symmetric 
process: a current non-equilibrium state is as likely to have evolved from a state of 
higher entropy as it is to evolve to a state of lower entropy (Fig. 4.15). This view 
implies that the present-day higher entropy state could have been reached from 
either end of the evolution curve, with equal probability. As E. Zermelo already 
pointed out probabilities are time-symmetric and this scenario satisfies 
G. N. Lewis’s two-way time concept. 

A purely time-symmetric evolution, without regard to boundary conditions, is 
however unrealistic. What happens to the evolution of the system under the 
imposition of symmetric boundary (initial and final) conditions? (Cf. Gell-Mann 
and Flartle 1994, Sect. 22.4; Schulman 1997, Chap. 4.) In this regard it is crucial to 
consider the relaxation times, t— the time it takes a system to reach its equilib¬ 
rium—by comparison to the total lifetime of the universe, T. The normal evolution 
occurs when the future condition is far away and the relaxation time is much 
smaller than the lifetime of the universe: t < I In this case, the evolution towards 
maximum equilibrium is typical: the system behaves as if it had ‘forgotten’ the 
future boundary condition, as illustrated in the Ehrenfest urn model (Fig. 4.8). The 
system behaves ‘normally’ for all practical purposes. The approach to equilibrium, 
under the imposition of symmetric boundary conditions, is nearly indistinguishable 
from an approach to equilibrium when no final conditions are imposed. In the 
words of L. S. Schulman, the future ‘is many relaxation times away from the 
present state’ (Schulman 1997, 142) and the switch-over problem does not arise 
(Fig. 4.16). 

However, the situation changes when the relaxation time of the system, t, is 
approximately the same as the time difference between initial and final conditions 
in the universe. In cosmological terms this scenario indicates that the final con¬ 
dition is as far away from the present condition as the initial condition and the 
system’s final condition is in a low-entropy state, similar to the initial condition 
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Fig. 4.16 Evolution of a system towards equilibrium, a When the relaxation time, t, is much 
smaller then T (the time difference between initial and final conditions), the system evolves 
‘normally' towards equilibrium; b when the relaxation time is similar to the total time, the final 
boundary conditions may leave their mark on the evolution of the system (Gell-Mann and Hartle 
1994, 321; cf. Schulman 1997, Chap. 4) 

(t = 0). When these time-symmetric boundary conditions are imposed, the evo¬ 
lution of the system deviates significantly from the unconstrained typical approach 
to equilibrium. The behaviour of the system is time-symmetric around T/2 
(Fig. 4.16). Under this assumption the maximum point of entropy could be 
explained as arising either from the final condition or the initial condition. It is 
worth observing that even though a collection of systems displays on average a 
time-symmetric evolution towards equilibrium, if time-symmetric boundary con¬ 
ditions are imposed, individual histories may still deviate from this pattern 
(Gell-Mann and Hartle 1994, 320). This assertion from the area of quantum 
cosmology confirms, rather surprisingly, Reichenbach’s hypothesis of the sectional 
nature of time. 

The two-time boundary conditions work on the minimal assumption that both 
initial and final conditions are far from equilibrium. In terms of the topology of 
time, this minimal assumption leaves open two representational possibilities. 
If initial and final conditions are (approximately) identical, a picture of closed time 
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presents itself, since the universe re-collapses to a Big Crunch, which is similar in 
conditions to a Big Bang. However, if the Big Crunch is dissimilar in physical 
conditions to the Big Bang, a linear topology suggests itself, in which the physical 
conditions at the beginning of the temporal universe do not coincide with its end. 
This scenario is adopted in Penrose’s Weyl curvature hypothesis. In the present 
case, these possibilities now crucially depend on how long the relaxation time, t, is 
in comparison with the cosmological time, T. Even the assumption of time- 
symmetric boundary conditions does not necessarily destroy the one-way arrow of 
time. If the cosmological time, T, is vast, compared to the relaxation time, t, then 
the inhabitants of such a universe would clearly mark an arrow of time, for all 
practical purposes. But if the relaxation time, t, is comparable to the cosmological 
time, T, the global arrow of time would be expected to reverse, since it tracks the 
cosmological arrow. This contraction may not result in the reversal of local arrows. 

What conclusions can be drawn from studying the evolution towards equilib¬ 
rium in time-symmetric models? 

First, at the present moment no empirical data are available, which would 
suggest that a final condition exists, which may have an attractor effect on the state 
of the current entropic level. According to current cosmologies, the actual universe 
seems to be characterized by asymmetric boundary conditions, which determine its 
actual behaviour. The universe starts in a low-entropy Big Bang but its now 
orderly state is expected to collapse into high-entropy black holes, which will 
eventually evaporate to a state of even higher entropy. The relaxation time, t, of 
thermodynamic systems seems to be much shorter than the lifetime of the 
universe, T, which according to current calculations of the evaporation of black 
holes seems to amount to a lifetime of approximately 10 100 years. Furthermore, 
there exists a large entropy gradient between the earlier entropy (10 88 ) and the final 
entropy (10 120 ) of the universe such that the arrow of time, even if it followed the 
cosmological expansion, would not reverse (cf. Carroll 2010, 63). By contrast, 
two-time boundary models assume that the lifetime of the universe, T, is com¬ 
parable to the relaxation time, t. 

Secondly, two-time boundary models depend on an unfamiliar notion of retro- 
causality (Schulman 1997, Sect. 4.5). The future condition of the universe must 
have an effect on its present state. So if the future condition of the universe is that 
of a Big Crunch rather than a Heat Death or the formation and evaporation of black 
holes (Big Chill), it may be possible to detect this future cause on current effects. 
At present various suggestions exist how this future case could be observed. The 
basic idea is that the future evolution of the universe would make a difference to 
observations today: for instance in slow nuclear processes, galactic dynamics 
(Schulman 1997, 15 If) or the behaviour of electro-magnetic radiation (Gell-Mann 
and Hartle 1994, 326-327). 

If the future big crunch time is not significantly greater than the time already elapsed since 
the big bang we could expect future conditioning constraints to operate on galactic 
dynamics. (Schulman 1997, 153; cf. Gell-Mann and Hartle 1994, 326; Carroll 2010, 
347-349) 
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But current cosmologies seem to offer little hope for models with two-time 
boundary conditions. How relevant, then, are these models for the question of the 
arrow of time? They are relevant for the purpose of detecting any unjustified bias 
towards initial conditions, any hidden assumptions which may be made about the 
arrow of time. They are relevant as theoretical possibilities. Note that time- 
symmetric models still display a sectional arrow of time, in terms of how the 
majority of branch systems evolve (Halliwell 1994a, 374). However, 

in the absence of some compelling theoretical principle mandating time symmetry, the 
simplest possibility seems to be the usually postulated universe where there is a funda¬ 
mental distinction between past and future—a universe with a special initial state and a 
final condition of indifference with respect to state, (Gell-Mann and Hartle 1994, 336-337) 

Whether there are time-symmetric or asymmetric boundary conditions, they 
play an important part in the consideration of time (a)symmetry and show that 
entropic considerations are of great importance in any consideration of the 
direction of time, since boundary conditions occur in entropic states. As indicated 
in Chap. 2, the postulation of a Past Hypothesis without a future boundary con¬ 
dition is a concern for cosmologists who require a purely dynamic explanation of 
the evolution of the universe and still believe that an arrow of time is unavoidable. 
They propose various models, one of which goes by the name of ‘baby universes’, 
and is similar to Linde’s original eternal inflation scenario (see Carroll 2010, 
355-365; Gott 2001, 162-199). These ‘baby universes’ are born from the under¬ 
lying quantum foam through quantum fluctuations (or quantum tunnelling) in low- 
entropy states (at least a proportion of them) and they evolve to become ‘adult’ 
universes, of which the observable universe is one branch. In these models, no 
singularities exist at the beginning, only a low-entropy state, making an arrow of 
time inevitable (Carroll 2010, 362). 

Whether the passage of time is considered in the context of Minkowski space- 
time or the evolution of the universe under the assumption of appropriate entropic 
boundary conditions, the behaviour of thermodynamic systems provides useful 
indicators for the objective direction of time. The focus in this chapter is on the 
r-symmetry of the fundamental equations, but temporal symmetry is at variance 
with our experience of time. Science should explain this contrast between human 
experience and the r-invariance of the dynamics of micro-constituents in macro¬ 
scopic systems. One proposal to be considered is that the anisotropy of time may 
be an emergent phenomenon. 


4.5 The Emergence of Time 


One is clearly reluctant to believe that milk and coffee get mixed up in one’s cup because 
of the expansion of the universe. (Landsberg 1996, 253) 

It has just been shown that under both scenarios—time-symmetric and time- 
asymmetric models of the universe—the boundary conditions play an essential 
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part. Little can be said about the evolution of the universe or the arrow of time 
without taking the boundary conditions into consideration. At the current state of 
research it seems to be fairly well established that the initial conditions of the 
universe, which current orthodoxy locates in the Big Bang, is a low-entropy state 
(Penrose 2010; Carroll 2010). At the same time very little seems to be known 
about any low-entropy final conditions, if they exist at all. 

The anisotropy of time in statistical mechanics arises, on the standard account, 
from microscopic constituents and their time-symmetric correlations, given 
appropriate initial boundary conditions. The puzzle is how the anisotropy of time 
can arise from the /-invariance of the dynamics of micro-constituents. A similar 
puzzle is how the arrow of time can arises from the low-entropy initial conditions 
of the universe. At any rate, both the passage and the arrow of time must be 
macroscopic phenomena, since they are the result of the time-asymmetric 
behaviour of an ensemble of systems (Zimmerman 1962). Let us first consider how 
the anisotropy of time in statistical mechanics may arise. 

If entropy in statistical mechanics is a measure of thermodynamic probability, 
W,—the number of available regions in the phase space or the typicality of the 
system’s behaviour—and if the increase in entropy is related to the spreading of a 
system’s trajectories into the available phase space, then it is possible to envisage 
how the anisotropy of time may emerge from the microscopic level. It is helpful to 
recall that this spreading is regarded as ‘typical’ behaviour in some versions of 
statistical mechanics, which does not exclude the possibility of rare fluctuations or 
reversibility. Consider again the usual arrangement of gas molecules inside a 
closed container with a removable partition. In order to emphasize the phenom¬ 
enon of spreading imagine that the container is divided into numerous small cells, 
which the individual molecules can occupy. If the system is undisturbed and the 
partition wall is removed the molecules will begin to colonize the available phase 
space and there will be a vast number of ways of realizing the equilibrium state. 
Spreading makes no explicit reference to the notion of time. This principle that a 
system of molecules will tend to occupy the available region—spreading into the 
empty cells—‘extracts a direction of time even though the molecular collisions 
which give rise to the diffusion of the gas are each time-reversible. It does so by 
statistical averaging in proportion to the realisibilties’ (Landsberg 1982, 75; cf. 
Penrose 2010, Sect. 1.5). Another way of saying this is that the coherence of final 
conditions, which would be required for the temporal inverse of typical trajecto¬ 
ries, is so vanishingly small that their physical realization is negligible. This 
argument appeals to the topological state of the phase space of a system under 
consideration. The macro-region of the final state, r Mf , is larger (or more fibril- 
lated) than the macro-region of the initial state, T Mo (Hill and Griinbaum 1957; 
Landsberg 1996, 249; Ridderbos and Redhead 1998, 1253-1254; Penrose 2010, 
38). One may want to ask for a proper dynamic explanation for this spreading 
tendency but no completely satisfactory explanation is currently available (Frigg 
2008; 2009; Frigg and Werndel 2011). However, the spreading of the microstates 
into the available phase space makes sense on an intuitive level because the kinetic 
energy of the micro-systems leads to collisions, whereby they gain momentum in 
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all available directions. The molecules will be propelled into the available phase 
space and begin to spread. The likelihood of their eventual return to their initial 
state is not mathematically excluded but is vanishingly small because of the 
difference in the volume of the initial and final macro-regions (or the unlikelihood 
of the fine-tuning of final conditions). How does this intuitive picture deal with the 
reversibility objections? The problem is that the reversibility objections neglect the 
ever-present perturbations, which exist in real systems. This point was made by 
P. Morrison—and it is made again today in the decoherence programme—who 
argued that no physical system is ever truly isolated. Every finite system is subject 
to perturbations from its interactions with other systems in the universe. These 
perturbations become responsible for the irreversibility in the physical universe. 

Wherever we choose to place the system boundaries, something remains outside which, in 
sufficient time and for suitably complex systems, will wreck the extraordinarily delicate 
correlations of position with velocity upon which reversibility, for instance, depends. (...) 
Note that only one system, the whole universe, could possibly exist without any external 
unknown perturbations. Any theory of a system less complete must allow their presence in 
some degree. If that degree is adequate, the system becomes irreversible, in spite of the 
reversibility of dynamics. (Morrison 1965, 57; cf. Boltzmann 1893/1923, Sect. 91; 1904, 
170; Reichenbach 1956, 81; Davies 1974, Sect. 3.5, 2004, 124-126; Earman 1974, Sect. 8; 
Layzer 1975, 65-66; Horwich 1987, 64-68; Sklar 1993. 134-135; Ridderbos and Redhead 
1998, Sect. 5; Carroll 2010, 163-164) 


Morrison’s point can be illustrated by considering the difference between an 


ideal and a physical pendulum. The period of an ideal pendulum —T = lit¬ 



is, only dependent on the length of the pendulum, /, and the gravitational constant, 
g, but not its mass. A film of the swing of an ideal pendulum would offer no clue as 
to whether its motion ran forward or backward in time. But a physical pendulum is 
dependent on the mass of the oscillating bob so that its swing will eventually wind 
down. This irreversible slowing down of the pendulum would clearly be recog¬ 
nizable in a time-reversed film of the motion. Morrison’s argument therefore 
trades on the difference between real and ideal systems. Nevertheless reversibility 
remains a theoretical possibility even for realistic systems: air molecules may 
prevent the physical pendulum from damping in the same way as a cold liquid may 
spontaneously heat up through the correlation of its molecules. But the probability 
of such occurrences in real systems is exceedingly small. How small is this 
probability? According to Boltzmann’s estimate a volume of gas, containing 
10 1!i molecules, would take much longer than the age of the universe to return 
close to its initial state (position and momentum variables). In their discussion of 
the double urn model, which illustrates the tendency towards equilibrium, 
Ehrenfest and Ehrenfest (1907) estimate that the probability of a return to a state of 
disequilibrium—say, all balls returning to the original urn—is negligibly small but 
it is not zero. Consider a version of the double urn model, in which the two urns 
are replaced by two dogs—call them Ant and Dec—and fleas, 50 in number, take 
the role of the balls (see Ambegaokar and Clerk 1999, 1069). At first no fleas live 
on Ant, but the fleas jump randomly between the two dogs. After a limited number 
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of time steps, there is an overwhelming probability that approximately half of the 
number of fleas (25) will have taken up residence on Ant. How long will it take for 
a fluctuation to occur so that all the fleas return to their former host, Dec? In this 
simulation the probability of a random fluctuation from equilibrium is 2 -50 , and 
the number of time steps, for disequilibrium to arise, would have to increase from 
5,000 to 10 15 . 

Thus to recover the unlikely configuration of a totally clean [Ant] by random shuffling of 
fleas between equally dirty dogs, even for this very small system of 50 fleas, we would 
need a plot roughly two hundred thousand million times as long as Fig. 2, which extends 
for only 5000 time steps. Because Fig. 2 is about 5 cm wide, the length of the required 
trace would be about 10 mil km. In comparison, the distance to the moon is only about 400 
000 km. The law of large numbers is at work, here making an unlikely event over¬ 
whelmingly unlikely. Though not logically certain, it is roughly 99.999 999 999 999 
999 % probable that the time in Fig. 1 is running in the direction of increasing disorder. 
(Ambegaokar and Clerk 1999, 1070; italics in original; cf. Boltzmann 1896) 

Following these considerations, it is important to stress, again, that in order to 
understand the nature of time it is necessary to consider all relevant aspects. For 
instance, in Chap. 3 thermodynamic considerations came into play, in order to 
evaluate the passage of time in Minkowski space-time. In the present context, in 
order to derive a statistical arrow of time it is not sufficient to apply time-symmetric 
micro-dynamics to the micro-constituents of the system. The asymmetric boundary 
conditions of the universe are also needed, and the tendency of the majority of 
systems to spread into the available phase space. As will be seen shortly, a similar 
issue exists in quantum mechanics, where the time-symmetric dynamic evolution 
of the system needs to be reconciled with the asymmetric measurement process. 
One consequence of Reichenbach’s emphasis on the entropic behaviour of a 
majority of branch systems, which display a parallel increase in entropy, is that the 
direction of time becomes a macroscopic phenomenon. 

What does it mean that time is a macroscopic emergent phenomenon? 14 
Emergence is generally characterized by two features: the emergent phenomenon 
cannot be reduced to the base from which it emerged; and once it has emerged, it is 
governed by new regularities. It is possible that at a very fundamental level 
(Planck level) the world is atemporal, governed by time-symmetric equations. Yet 
at a more macroscopic level, the world becomes asymmetric and time enters the 
picture, because at this level asymmetric changes constitute the anisotropy of time. 
A similar reasoning may account for the arrow of time but this reasoning arises in 
the area of quantum cosmology (discussed below). 

If time emerges well beyond the Planck level there must be some asymmetry in 
physical processes, which explains this emergence. Traditionally, the arrow of time 
is said to have its origin in the asymmetric boundary conditions of the universe 
(Past Hypothesis) and the work of the Second law of thermodynamics. But does 


14 See Barbour (1994, 405^114), (1997, Sect. 3), Gell-Mann and Hartle (1993, Sect. 10), 
Halliwell (1994a, Sect. 25.6), Wheeler (1994), Joos (1986), Kiefer (1997, 2012), Zeh (1986, 
2000b, 2009, 2012a, b), Rovelli (2009). Bojowald (2012), Mersini-Houghton (2012). 



4.5 The Emergence of Time 


211 


this view not favour initial over final conditions—the very reason why two-time 
boundary conditions were considered? Not necessarily, since the question needs to 
be addressed how typical the time-symmetric boundary condition scenario is. 

The difficulty with time-symmetric models is their implausibility. They require a very 
finely tuned set of boundary conditions, for which no explanation is offered. And amongst 
a number of other problematic features, it is difficult to imagine how a universe similar to 
the one in which we live, with large scale structures, stars and galaxies, might emerge, and 
then return to its initial state. However, they do have the very appealing feature (...) that 
sections of the history of the universe may display a strong thermodynamic arrow of time, 
even though the underlying theory and its boundary conditions are completely time- 
symmetric. (Halliwell 1994a, 374) 

It is therefore important to study the boundary conditions of the universe; 
evidence indicates that they are asymmetric. The extreme boundary conditions of 
the universe and the emergence of the cosmic arrow of time cannot be adequately 
understood by appeal to statistical mechanics or General relativity. This question 
needs to be considered in the relatively new area of quantum cosmology and its 
notion of decoherent histories (see Halliwell 1994a, Sect. 25.5). As a preparatory 
step, we must consider the role of time in basic quantum mechanics. 


4.6 Time in Basic Quantum Mechanics 


The focus on histories may circumvent the “problem of time” encountered in most 
canonical approaches to quantum gravity. (Halliwell 1994b, 16) 

Basic quantum mechanics provides us with an example of the symmetry of the 
fundamental equations of physics. But our experience with quantum-mechanical 
systems in experiments reveals a fundamental asymmetry. 

In orthodox quantum mechanics time is treated as an external parameter, which 
means that it functions like a clock, which indicates the same time for all quantum 
particles. But in human experimentation with quantum particles, irreversibility and 
entropy again play an important part. Generally, a quantum measurement is an 
irreversible process, which affects the entropy balance of the state of the system and 
its surroundings. It leaves an indelible record (Rae 1986, 227-230; cf. Zimmerman 
1966; Penrose 2020, 36; Davies 1974, Sect. 6.3). It is therefore to be expected that 
once more both regularity and invariance are recovered as the most fundamental 
conditions for the measurement of the passage of physical time. In non-relativistic 
quantum mechanics we confront the same situation with respect to the question of 
time as in classical physics. The fundamental equations of classical physics are time- 
reversal invariant such that the equations permit events to run in both temporal 
directions. Similarly, the fundamental equation of quantum mechanics—the 
Schrodinger equation—is time-reversal invariant (under the Wigner transformation; 
see Chap. 2). In both cases this time-reversal invariance means that physical pro¬ 
cesses in either temporal direction are permitted by the equations. But recall from 
Chap. 3 (p. 92) that time-reversal invariant equations may have asymmetric 
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solutions. It may therefore legitimately be asked whether an observer who was shown 
the passage of an electron through a measurement device in the reverse direction 
would be able to tell the difference between the forward direction and its opposite. 
If we want to recover the passage of time—in classical physics, relativity theory or 
in quantum mechanics—we need to study the asymmetric propagation of certain 
processes, like light signals, or the spreading of entropy states. In the area of quantum 
mechanics the focus has to be on the measurement process. 


Box IV: Quantum Mechanics—the Basic Formalism. 

After 1925, quantum mechanics developed into a proper mathematical 
theory, with the emergence of the essentially equivalent Schrodinger and 
Heisenberg pictures. According to traditional accounts of quantum 
mechanics we have to distinguish between the unitary evolution of quantum 
systems, I^F), according to the deterministic Schrodinger equation, and an 
act of measurement on the system, which is stochastic in nature and irre¬ 
versible. The basic theory can be summarized in a number of postulates, 
which act as constraints on quantum events. 

1. Unitary Evolution. The physical state of a quantum system with 
n variables q/. q 2 . ..q„ is fully specified by the state vector in an abstract 
Hilbert space: \ x ¥(qi,q 2 -. .q n )). The coordinates of the wave function 
uniquely determine the state of the system. Consider, for instance, a 
particle moving in one dimension, with the corresponding wave function: 
'f'(x). This system evolves deterministically according to the Schrodinger 
equation, which is a differential equation, in an abstract Hilbert space. 
Two states of a system can be described by a linear superposition 
I x ?) — a l%) + P 10) where a and /? are complex numbers, which satisfy the 
relation |a| 2 +|/?| 2 = 1. According to the Schrodinger equation, this linear 
superposition evolves after time, t, into a superposition of states. 

For instance, the spin of a particle is represented as a superposition of up 
and down states: 

1^) = a IT) + P\D- 

It is a fundamental feature of quantum mechanics, that quantum systems 
often appear in an entangled state, which means that they cannot be 
regarded as classically individual, separate, objects but must be treated as 
combined, holistic systems, which are subject to long distance ‘influences’ 
such that, say, the measurement of the spin state of one particle of an 
entangled pair will instantaneously ‘affect’ the spin state of the twin par¬ 
ticle, although no known causal signals are exchanged between them. 

2. Observable and Operators. As there is a non-classical difference 
between observables and operators, a further postulate states that every 
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observable (measurable quantity), A, of a quantum system corresponds to a 
Hermitian operator, A. For instance, the operators + V(r) corre¬ 

spond to the kinetic and potential energy of the system, respectively. The 
operators must satisfy the commutation relation [x, p x ] = ih. which leads to 
Heisenberg’s indeterminacy relations. Each Hermitian operator, A. B, 
C (...) comes with a complete set of eigenvectors: \a\),\a^). ■-\bi), 
\bi). • -ki), |c 2 )... According to Heisenberg’s indeterminacy relations, 
there is an inherent limit in nature as to the precision with which 
momentum and position, energy and time of a quantum system can be 
measured simultaneously. 

3. Measurement. When a measurement occurs, the quantum system, 
according to one interpretation, ‘collapses’ the wave function discon- 
tinuously from a superposition of states: a|x) + /1|0) to a measured state: 
|x) or |0). If the state of a system is in one of its eigenstates (of a dynamic 
variable), its eigenvalues (physical parameters) are the actual values 
measured for that state (say position or momentum). If the system is not in 
one of its eigenstates, with the corresponding eigenvalues, the system is in a 
superposition, which is a linear combination of its eigenvectors: | Hr') = 
a|0i) + /?|0 2 ), where a, fl are again probability coefficients, which satisfy 
the relation: |a| 2 +|/l| 2 = 1. According to the ‘collapse’ interpretation of the 
measurement process, a measurement of a quantum system reduces the 
wave function discontinuously from a superposition of states to one of its 
eigenstates. The state vector reduction ‘collapses’ the superposition of 
states to an observed, classical state. The dynamics of this process is 
controversial. The decoherence approach, to be discussed below, intro¬ 
duces a broader notion of measurement, which does not involve the col¬ 
lapse of the wave function. Rather, the continuous measurement of a 
quantum system by the environment is said to account for the stable 
classical trajectories in our familiar environment. Extended to a cosmo¬ 
logical level, the decoherence approach claims to explain the emergence of 
the classical world (classical space-time) from an underlying quantum 
world. As the emergence is irreversible, cosmological decoherence may 
help to explain the cosmic arrow of time. 

4. Projection Postulate (Collapse Postulate): The ‘collapse’ of the wave 
function from a superposition of states to one of the eigenstates of the 
measured system. 

5. Born rule. Corresponding to the eigenvectors (or eigenfunctions) there 
is a set of eigenvalues, a 1; a 2 , bj, b 2 ..., which are the results of mea¬ 
surements on the system. Imagine that we are interested in measuring the 
location of a particle in a certain space-time region. The probability of 
finding the particle in a range dx about point x in a laboratory set-up is 
given by the Born rule: Pr( x P v ) = | v P(x)| 2 dx 
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Fig. 4.17 An illustration of the Schrodinger cat paradox, which originally served as a criticism 
of the Copenhagen interpretation. Source Wikimedia Commons. Author Dhatfield, 26 June 2008, 
Permission: CC-by-SA 3.0 

The measurement process is illustrated in the famous Schrodinger cat case 
(Fig. 4.17): before opening the sealed room quantum mechanics describes the state 
of the cat (dead, alive) as a superposition of states ^(l cat a u ve ) + | cat^ead))- 1 ^ It is 
only when the experimenter opens the box that s/he finds the cat in one of its 
eigenstates, i.e. dead or alive. This situation displays an essential irreversibility. 
‘Irreversibility is the defining property of measurements’ (Schlosshauer 2008, 100; 
cf. Penrose 1995, 262; 2005, 820). If the poison in the vial has killed the cat (upon 
the decay of a particle which releases poisonous gas into the container) experience 
tells us that the state of the cat is irreversible and independent of the particular 
observer. 16 It appears that ‘quantum mechanics inherits its arrow of time from the 
arrow of time of thermodynamics’ (Gell-Mann and Hartle 1994, 315). But this 
situation is not as straight-forward as it appears to be. 

Whilst the quantum measurement process, which reduces the wave packet to a 
localized measurement result, belongs to the class of irreversible phenomena, with 


15 The decoherent histories approach stresses that probabilities can only be meaningfully 
assigned to alternative histories, when the interference terms have been destroyed. See Gell-Mann 
and Hartle (1990, Sect. 3) and Sect. 4.6.5. 

16 A difficulty arises in the Special theory of relativity regarding the order, in which 
measurements are made. As the notion of absolute simultaneity vanishes in favour of relative 
simultaneity, two observers who are in relative motion with respect to each other will disagree 
about the temporal order, in which a measurement on an entangled quantum system has been 
performed, and therefore there is disagreement about the moment of collapse of the wave 
function (Penrose 1995, 294-295; 2005, 606-607). This disagreement, which occurs for space¬ 
like separated events, has been used as an argument against the notion of a preferred Now 
(Callender 2007). Whilst disagreement about the order of measurements may pose difficulties for 
a position known as Presentism, it does not affect the measurable outcomes of the experiments, 
which are invariant with respect to their temporal orderings. As argued in Chap. 2, relative 
simultaneity is not a conclusive argument for the block universe. 
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which we are familiar from thermodynamics, it also invites the usual reservations 
about factual irreversibility as a physical basis for the objective passage of time. 
The problem is once again the essential temporal symmetry of the situation 
implied by the fundamental laws involved. 

To see the problem, consider the famous two-slit experiment, in which an 
electron gun fires electrons at a vertical screen with two open slits. The electrons 
pass through the open slits and impact on a recording screen, where they will form 
a coherence pattern (interference fringes), which are typical of this set-up. In the 
normal forward direction of time the coherence pattern is typically expected to 
occur after the emission of the electrons from the source. When the two slits are 
open, and electrons are fired in their direction, it is certain that they will form a 
coherence pattern on the recording screen, if no attempt is made to observe through 
which slit the electrons are travelling. This situation even obtains when the 
electron gun fires single electrons at an interval so that only one electron is in flight 
at any one time during the experiment. The succession of electrons will still form a 
characteristic coherence pattern (as shown in Fig. 4.18a), with a probability of 1. 


(a) 






t 


Fig. 4.18 Two-slit gedanken experiment, forward time direction (a), backward time direction (b) 
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This probability does not change if the whole process is run backward in time. This 
reverse scenario starts with a coherence pattern on the recording screen, from 
which electrons are ejected in the direction of the two slits. From the existence of 
the coherence pattern it can be inferred, with probability 1, that the two slits are 
open for the electrons to pass through to be absorbed in the electron gun 
(Fig. 4.18b). 

More generally, there are other types of experiments, in which it is possible to 
reverse the results of measuring processes and recover the coherence or phase 
correlations. As mentioned below, this reversal can be achieved by the operation of 
a so-called quantum eraser. For this reason some physicists argue that there exists 
no ‘coherent time order in quantum mechanics’ (Unruh 1995, 46; cf. Callender 
2007). 

Nevertheless, even though the Schrodinger equation is time-reversal invariant 
in the above sense, the question arises whether the measurement process involves, 
in fact, an essential temporal asymmetry, a view Roger Penrose holds. Such an 
intrinsic asymmetry in quantum mechanical measurements could be taken as an 
indicator of the objective passage of time. What would have to be done to recover 
the physical asymmetry in the measurement process? The answer is, as will 
become clear now, that the boundary conditions need to be included in such a way 
that the evolution of the system yields a time-asymmetric solution. Penrose has 
introduced the following thought experiment to support his view that the quantum 
mechanical measurement process is essentially asymmetric in time; hence that a 
time-reversal invariant law can have asymmetric solutions. 

In the thought experiment a photon source, S, emits photons, which are targeted 
at a beam-splitter, B, which is tilted at 45° to the direction of the beam (Fig. 4.19). 
The beam splitter can either transmit the photon beam through to a detector, D, 


Ceiling, C 


A 



Floor, F 


Fig. 4.19 Time-asymmetric measuring process of quantum mechanical event, adapted from 
Penrose (2005, 820) 
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where it is recorded: route SBD. Or the beam splitter can reflect the beam, in which 
case the detector, D, is not triggered but the photon beam is absorbed in the ceiling: 
route SBC. Here the normal forward time direction is adopted. Quantum 
mechanical calculations reveal the respective probabilities for the two events to be 
Vi, Vi. According to Penrose’s argument if the same situation is contemplated in a 
reverse time direction, the predicted probabilities no longer reflect physical reality. 
In the mirror image of the original process (forward in time), the probabilities must 
be considered as arising from the detection event. Again quantum mechanics cal¬ 
culates the value Vi for the route DBS (which is the mirror image of SBD), which 
means that there is a 50 % chance of an emission of the photons from D. However, 
quantum mechanics also calculates a value of Vi for the route FBS (which is the 
mirror image of SBC). But, according to Penrose, this conclusion is absurd: 

There is virtually a zero chance that an X-ray photon will jump out of the floor, aimed at 
the beam splitter. The probabilities are more like 100 % that there was an emission event 
at S and 0 % that the photon came from the floor F, whenever there is a detection event at 
D. The squared-modulus rule, applied in the past direction, has simply given us the 
completely wrong answer! (Penrose 2005, 821) 

Penrose’s argument presupposes that the normal temporal direction—route 
SBD—which is familiar from everyday experience is the direction of time. 
However, the time-symmetric laws do not forbid the emergence of a photon from 
the floor, however counterintuitive such an event may be, just as they do not forbid 
a spontaneous reheating of cold coffee, however improbable this event may be. 
Penrose implicitly appeals to the typicality of asymmetric boundary conditions 
involved in his thought experiment. In order to establish a temporal order it has to 
be assumed that certain initial conditions are more typical than others. It is 
objectively much more likely that the photons are emitted from the source rather 
than the floor. It is extremely unlikely that conditions in the floor will conspire in 
such a way that photon emission will result but the convergence of conditions is 
typical in photon emitters. Recall that ‘typical behaviour’ is that which occurs 
‘with large probability with respect to a given initial ensemble’ (Lebowitz 1994, 
137). It is these initial conditions, which install a temporal order in the experi¬ 
ments. Similarly, if there are originally more fleas on Dec than on Ant, it is typical 
for the fleas to colonize the available phase space, provided by Ant’s furry habitat. 
The spreading is in principle reversible but the probability of such large fluctua¬ 
tions is extremely rare. As mentioned above it requires more than the lifetime of 
the universe for such a fluctuation to occur in theory. The problem with this 
argument, from a systematic point of view, is that the initial conditions do not have 
the same fundamental character as the time-symmetric laws in statistical 
mechanics or quantum mechanics. 

A further, perhaps more esoteric issue, is that in a sense one is putting in the time 
asymmetry by hand. Whilst there is no reason in principle why it should not be the case 
that the time asymmetry of the world arises from the asymmetry of the boundary con¬ 
ditions, it would be far more satisfying to see the asymmetry emerge without any 
explicitly asymmetric assumptions being built in. (Halliwell 1994a, 372) 
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A similar situation arises in the case of the Schrodinger cat. It is our knowledge 
of the physical world around us, which allows us to infer that a dead cat will not 
revert to a live state. The fact that the probabilities of a photon jumping out of the 
floor or a dead cat springing back to life are extremely low, yet not forbidden by 
the fundamental laws, is the afore-mentioned ‘weak f-in variance’, which was 
characterized ‘by the requirement that its time inverse (although perhaps 
improbable) does not violate the laws of the most elementary processes in terms 
of which it is understood’ (Landsberg 1982, 8; cf. Denbigh and Denbigh 1985, 
Sect. 3.1). Diffusion and heat conduction are typical weakly f-invariant processes. 

Note that in either case—whether physical time is based on the weak 
f-invariance of physical or other natural processes or whether it is denied any 
particular role in the physical world, as it is governed (with a few exceptions, like 
the decay of K-mesons) by time-symmetric fundamental laws—we encounter 
regularity and invariance. These two characteristics are present in the fundamental 
laws as well as in weak /-invariance. For if it is objectively improbable for photons 
to jump out of laboratory floors, and for ripples on a lake to form from the edge, 
this improbability expresses a statistical regularity. Given a collection of photons, 
a landscape full of lakes or an array of cups with cold coffee, and an appropriate 
time frame, which may extend beyond the lifetime of the known universe, no 
observation is ever likely to be recorded, which will show the violation of this 
de facto regularity. Nor does this improbability depend on the framework of the 
observer; since entropic processes are frame-invariant. These thought experiments 
reflect the importance of the status of boundary conditions in reflections on the 
asymmetry of time. But the ‘collapse of the wave function’ or the ‘reduction of the 
state vector’ is also intimately related to questions of entropy, for a measurement 
process in quantum mechanics is an irreversible process, which leads to an entropy 
increase. 17 As will be discussed shortly this line of reasoning can be applied to the 
emergence of classical behaviour from underlying quantum mechanics to account 
for the arrow of time. 

Which conclusions can be drawn from this situation? The last two chapters 
have analyzed two reasons why many physicists and philosophers believe in the 
atemporality of the physical world: relative simultaneity in the theory of relativity 
and the f-symmetry of fundamental equations. But we have also encountered a 
number of examples of asymmetric, weakly f-invariant physical processes in the 
natural world, which suggest the temporality of the physical world. The question is 
whether greater weight should be granted to asymmetric physical processes or to 
f-invariant fundamental equations (Denbigh 1981, Sect. 3). If the focus is on the 
time-reversal invariance of the fundamental equations, the passage of time will 
reduce to a mere appearance, a phenomenon that depends on sentient beings in the 
macroscopic world. If, on the other hand, the emphasis falls on factually 


17 It should be noted that in quantum mechanics entropy is a state defined via the density matrix 
p: S$ N (p) = — kTr[p ln(p)] but the discussion of entropy will be conducted in classical terms 
because the anisotropy of time is a macroscopic phenomenon. 
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irreversible processes for the measurable passage of time, it will be grounded in 
asymmetry and will not be more of a human illusion than these irreversible pro¬ 
cesses themselves. However, the question does not simply reduce to a choice of 
criteria, for a proper understanding of the nature of time requires an appreciation of 
all relevant aspects which have a bearing on this question. In particular it is a 
mistake to think that the ‘nature’ of time can be read off the mathematical structure 
of a theory or, in the present case, the t-invariance of the fundamental laws. 
Inferences to the ‘nature’ of time are of a conceptual kind and based on a number 
of physical criteria, which motivates the inference. For this reason, the role of 
decoherence in both a local and a cosmological contexts still needs to be 
addressed. 

Whilst one may sympathize with the view that asymmetry should arise from the 
fundamental time-symmetric equations, and not be put in by hand through the 
imposition of asymmetric boundary conditions, the fact remains that boundary 
conditions are an integral part of the physical world (Wald 2006). They are needed 
for the solution of time-symmetric equations, and in their typicality, they provide 
indicators of the anisotropy time. On the other hand, time-symmetric cosmologies 
question the favouring of initial conditions, which leads to the accusation that the 
Second law of thermodynamics is a mere tautology. It is a fairly uncontroversial 
fact that the physical environment shows low-entropy initial conditions to be 
typical—milk mixes in tea and waves diverge on a lake—but the same assumption 
cannot so easily be transferred to the cosmological context. If these assumptions 
are justified, the justification should come from more basic considerations, as in 
the area of quantum cosmology. Before we turn to quantum cosmology, the 
famous spin echo experiment will be briefly considered, since it seems to come 
close to an experimental realization of the Loschmidt reversal of velocities and the 
question of reversibility of quantum mechanical particles. The argument will then 
proceed to consider various branching events in quantum mechanics before the 
question of the emergence of the classical world and the arrow of time in the 
so-called decoherent histories approach is taken up. 


4.6.1 Spin Echo Experiment 18 

The spin echo experiment is an example of the reversibility of parameters, which 
does not amount to the reversal of time or the violation of the Second law. The 
experiments were carried out by E. L. Hahn and his collaborators in the 1950s 
(Hahn 1950, 1953; cf. Denbigh and Denbigh 1985, 140-143; Sklar 1993, 219-222; 
Landsberg 1996, 251; Aiello et al. 2008, 287; Albert 2000, 156-157; Frigg 2008, 


18 The author would like to thank Anton Weis, of the University of Fribourg, for discussion 
of the spin echo experiment and for providing an amended version of Fig. 4.21. 
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t = 0 



Fig. 4.20 Dephasing. Precession of N = 3 initially aligned spins in an inhomogeneous magnetic 
field (from Weis 2009, 732) 


159-163; Weis 2009, 731-733). The experiment involves a system of N spins of 
hydrogen atoms in a liquid material, which are aligned in the z-direction in an 
inhomogeneous magnetic field. At time t = 0, a radio frequency pulse (rf) is 
applied, for a fraction of time, which tips the spins into the x-y plane. The 
inhomogeneous magnetic field has the effect that the spin axes start to precess in 
the x-y plane at different angular frequencies. They fall more and more out of 
phase with each other (Fig. 4.20). 

A few milliseconds later, at t = t,, when a second radio frequency pulse is 
applied, the spins can be made to rephase. The effect of this application is the 
rotation of the spin direction through an angle of 180° away from their original 
orientation. If, due to the fact that the spin-spin interactions are small, the spins 
remain in the x-y plane, the flipping of the spin directions is ‘equivalent to a 
reversal of the processional velocities’. The result is that the dephasing is undone 
and ‘the precession velocities now start to become more and more into phase with 
each other, the reverse of the earlier behaviour’ (Denbigh and Denbigh 1985, 141). 

At time 2tj all spins have reversed to their original alignment. Whilst during the 
dephasing the polarization of ‘the material vanishes, it now returns to realignment 
of the spins’. ‘The appearance of a finite polarization from an apparently depo¬ 
larized sample is called a spin echo’ (Weis 2009, 732). 

Hahn used the following analogy to illustrate the mechanism of the echo: 

Let a team of runners with different but constant running speeds start off at a time t = 0 as 
they would do at a track meet (...). At some time T these runners will be distributed 
around the race track in apparently random position. The referee fires his gun at a time 
t = z > T, and by previous arrangement the racers quickly turn about-face and run in the 
opposite direction with their original speeds. Obviously, at a time t = 2i, the runners will 
return together precisely at the starting line. This will happen once and only once, just as it 
will be shown in the case of two rf pulses and the echo. From this analogy, one can see that 
if even more than two pulses are applied to the ensemble, a pattern of echoes or con¬ 
structive interference events will occur which will uniquely be related to the pulses which 
were applied in the past. For example, if the referee again fired his gun for a third time 
after the racers came together at the starting point and fanned out again around the track, 
and the runners again repeated the about-face procedure, they would again come back to 
the starting line. (Flahn 1953, 8) 
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At first sight, the spin echo experiments seem to illustrate the work of a 

Loschmidt demon, appearing to violate the Second law. They raise two questions: 

1. Does this experiment provide an elementary example of time-reversal? As the 
experiment achieved a realignment of the spin directions, which is equivalent to 
a reversal of precessional velocities—reversal is a requirement in the formal 
characterization of reversibility (Box III)—should it be concluded that time is 
reversed in the experiment? This question must be denied since there is a clear 
linear sequence of events: at t 0 the spins are aligned, and progressively undergo 
a period of dephasing; then a Tt-pulse begins a process of rephrasing, which 
ends at t = 2t 0 , when the realignment is complete. The reappearance of the spin 
alignment is called spin echo. Could this spin echo not be regarded as a mirror 
image of the initial scenario, so that the process needs to be regarded as 
f-symmetric? Here it is imperative to consider all relevant factors and evaluate 
the effect of the experiment on the Second law. 

2. Does the spin echo effect violate the Second law? The process of dephasing— 
the slow decay of the alignment between the spins—leads to a creation of 
entropy. This destruction is due to (a) the relaxation of spin energy into other 
forms of energy within the material, and (b) the perturbations arising from the 
external world (Denbigh and Denbigh 1985, 142; cf. Sklar 1993, 219-221; 
Ridderbos and Redhead 1998, Sect. 4). But then the second pulse reverses the 
non-alignment of the spins (an equilibrium condition) into their re-alignment 
(a non-equilibrium condition), which looks as if a demon had engineered a 
violation of the Second law. However, it is important to carefully consider the 
credit and debit sides of the energy balance. The whole system needs an energy 
input, in terms of radio pulses, in order to reverse the process of dephasing. This 
input creates an asymmetry in the initial and final conditions. The echo pulse 
amplitude at the end is smaller than the original amplitude. A further asym¬ 
metry arises from the fact that the first radio pulse ( n /^) turns the spins from the 
z-direction (out of the paper) into the x-y plane, whilst the second pulse (n) 
turns them 180° around the x-axis, which, for spin in the x-y plane corresponds 
to a mirror image along the y-axis (Fig. 4.21). 


4.6.2 Quantum Mechanics and Branching Events 

The asymmetry of boundary conditions plays a major part in arguments for the 
asymmetry of time. Such an asymmetry also appears in the spin echo experiment 
because the 'echo pulse amplitude is smaller than the starting amplitude’ (Weis 
2009, 732). Of course experiments in standard quantum mechanics cannot explain 
the cosmic arrow of time—which arises in the context of quantum cosmology. But 
the irreversibility involved in quantum measurements—with the inevitable 
increase in entropy—could certainly be taken as an indicator of the anisotropy of 
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dephasing 


rephasing 



Fig. 4.21 Decay of the transverse spin polarization in the x-y plane due to inhomogeneous 
dephasing (left). The 7t-pulse after time T reverses the y-components of the individual spins and 
the spins rephase to a maximum transverse polarization at time t = 2T (Weis 2009, 732) 

time. An interesting similarity between quantum events on the local and global 
scale is the occurrence of branching events, which are often irreversible. 

As was noted above, the basic formalism of quantum mechanics distinguishes 
the unitary evolution of quantum systems, governed by a time-symmetric 
Schrodinger equation, from the act of measurement, which introduces stochastic and 
irreversible elements into the picture. As a proper understanding of the measurement 
process is fraught with interpretational difficulties, the deterministic evolution of 
quantum systems is often regarded as the fundamental aspect, whilst many unre¬ 
solved questions throw a shadow over the measurement process. Nevertheless, it has 
been suggested that irreversible measurement processes be regarded as more 
fundamental than time-symmetric quantum mechanics (Wooters 1994, 266). If this 
were the case such an approach could knit a close tie between the measurement 
process and the Second law; and it would lead us to the notion of decoherence. 

Rather than taking the time-symmetric unitary evolution of the quantum sys- 
tem(s) as fundamental, irreversible measurement processes are to be taken as 
basic. A possible origin of time asymmetry could thus be seen in the definite, 
irreversible measurement outcomes, which lead to indelible records (see Rae 
1986). For the determination of measurement outcomes, probabilities play an 
essential part in quantum mechanics (Born rule). To recall a simple example, if the 
location of a particle in a certain space-time region is to be measured, the prob¬ 
ability of finding the particle in a range dx, in a laboratory set-up, is given by the 
Born rule: Pr( l P A ) = l'P(jt)! 2 dx. As probabilities are fundamental in quantum 
theory, the suggestion arises to deduce the structure of quantum mechanics from 
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the probabilities. ‘Probabilities come logically before, not after state vectors’ 
(Wooters 1994, 262; cf. Omnes 1999; Griffiths 2002). Rather than speaking of 
‘measurement events’, Wooters speaks of ‘branching events’. ‘A branching event 
is any event that (1) defines a set of probabilities and (2) selects one of these 
possibilities, such that the outcome becomes an irrevocable component of the 
history of the universe’ (Wooters 1994, 262). As such, branching events are 
inherently irreversible and time asymmetry enters at a fundamental level. The law 
for computing these probabilities would have to come from an as-yet undiscovered 
‘subquantum theory’ of ‘the history of the world as a network (...) of connected 
branching events’ (Wooters 1994, 262). Whilst no such ‘subquantum theory’ has 
been formulated to the author’s knowledge, the quantum theory of decoherent 
histories makes branching events a central notion in the explanation of irrevers¬ 
ibility and the anisotropy of time. 

Such branching events may be represented in a tree diagram, according to 
which the future comprises many possibilities, while the past is actual and unique 
(McCall 1994, Chaps. 1, 2; Gott 2001, 186-192). The branching tree model is not 
based on the question whether the past can be changed, or whether entropy 
increases towards the future. But it is incompatible with the block universe, since 
if the world is indeterministic (or probabilistic) this branching view requires that 
every physically possible future be situated on a different four-dimensional branch, 
and that the probability of any future event be specified by the proportion of future 
branches, on which that event occurs. The model is also incompatible with the 
view that time flow is a subjective phenomenon. The model is in the shape of a 
tree, the past being a single trunk, the future a multiplicity of branches, and the 
present the first branch point (Fig. 4.22). Time flow is represented by the vanishing 
or “falling off” of branches, the one branch remaining being the “actual” one that 
becomes part of the trunk. The present moves stochastically up the tree. It would 
continue to do so even if all conscious beings in the universe died out. This view 
attributes the evolution of the universe, from past to future, from possibility to 
actuality, to the process of ‘branch attrition’. This tree model must be compatible 
with the principle of the Special theory of relativity. 

Since in the tree model the future is branched while the past is single, the way in which the 

universe tree branches will have to be relative not only to a time but also to a frame of 

reference. (McCall 1994, 10) 

In the tree model, the process of branch attrition seems to explain the past- 
future asymmetry in an objective, observer-independent way. Time is not a human 
illusion. The problem is that branch attrition is not a known physical mechanism. 
The model illustrates metaphorically why the frozen past differs from the poten¬ 
tialities of the future, but it does not explain why time is asymmetric. What is 
needed to make branching tree models plausible is a known physical mechanism, 
which can account for ‘branch attrition’. 

Compared to the formalism of standard quantum mechanics, these ideas are 
rather sketchy and underdeveloped but they indicate several important issues: (1) It 
is by no means agreed that f-symmetry must be the default position. Alternative 
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Fig. 4.22 Branch attrition in 
the branching tree model, 
indicating the probability 
weights of different branches 



/v 


approaches, like the decoherent histories view, focus on temporal asymmetry 
(branching); they are reminiscent of the axiomatic approaches to Minkowski 
space-time; (2) whilst r-symmetric approaches tell us that the world is at a fun¬ 
damental level not as it appears to be, i.e. that it is Parmenidean rather than 
Heraclitean, the alternative approaches lend much greater significance to the 
observable asymmetries, on which they base the anisotropy of time. 

But the fundamental problem with these asymmetric approaches is that talk of 
‘branching events’ and ‘branching trees’ is rather metaphorical and what really is 
required is a known physical mechanism, which can account for the emergence of 
‘indelible records’ and the disappearance of interference effects. 

In the recent physical literature the notion of decoherence has been proposed as 
a general mechanism, which may explain the emergence of quasi-classical sets of 
histories, i.e. the individual histories of the classical world, which obey, with high 
probability, ‘effective classical equations of motion interrupted continually by 
small fluctuations and occasionally by large ones’ (Gell-Mann and Hartle 1993, 
3345, 3376). Decoherence leads to different alternative histories for the universe, 
to branch dependence of histories and the permanence of the past (Gell-Mann and 
Hartle 1993, Sect. 10). Branch-dependence means that individual histories are 
‘contingent on which of many possible histories have happened’ (Gell-Mann and 
Hartle 1993, 2246-2247; Halliwell 1994b). The permanence of the past expresses 
the feature 

of a quasiclassical domain that what has happened in the past is independent of any 
information expressed by a future projection. Neither the decoherence of past alternatives 
nor the selection of a particular past alternative is threatened by new information. 
(Gell-Mann and Hartle 1993, 3354) 

Since decoherence can be understood as the leaking of phase information into 
the environment, leading to noise (Gell-Mann and Hartle 1993, 3364, 3376), and 
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as a form of continuous measurement of quantum systems by the environment, 
leading to entropy increase (Schlosshauer 2008, 41), decoherence gives rise to 
irreversible past records. But irreversibility is a feature of the Second law of 
thermodynamics and hence it is appropriate to associate decoherence with the 
increase of entropy and temporal asymmetry. It is therefore appropriate to consider 
branching events under the aspect of decoherence, for decoherence may reveal 
important features of the anisotropy of time. 


4.6.3 Consistent Histories and Decoherence 

Probabilities play a major part in many areas of physics, including statistical 
mechanics. 1 ' 1 Probabilities also play a significant role in the so-called ‘consistent 
(or decoherent) histories’ approach to quantum mechanics but in a way, which 
differs from the Copenhagen interpretation. In the Copenhagen interpretation the 
evolution of the wave function is deterministic, described by the Schrodinger 
equation, whilst the Born rule determines the probability with which a quantum 
event occurs upon measurement (Box IV). The ‘consistent histories’ approach 
extends the use of ‘probabilities to both microscopic and macroscopic states of 
affairs’ but measurements play no fundamental role in this approach (Griffiths 2009). 
The ‘consistent histories’ approach, in its formal part, is time-symmetric since the 
calculation of probabilities is independent of temporal directions. Nevertheless, 
when the approach turns to the discussion of measurement results, or indelible 
records, it uses the notion of decoherence, which is time-asymmetric. The notion of 
decoherence has become central in two areas: (a) environmental decoherence sig¬ 
nifies the emergence of classical macro-states from their underlying quantum states, 
as a result of measurements by their environments; this transition involves the 
disappearance of quantum interference effects, as illustrated in Schrodinger’s cat; 
(b) cosmological decoherence, in the area of quantum cosmology, signifies the 
emergence of the quasi-classical domains in space-time from the underlying 
quantum conditions of the universe; the classical trajectories in space-time 
constitute a decoherent set of histories, which are governed by ‘classical’ equations. 

As discussed below, decoherence is a time-asymmetric process, both on the 
level of macroscopic states and macroscopic histories. It is appropriate to see in 
decoherence an indicator of the anisotropy of time since it involves ‘branching 
events’ or the emergence of consistent histories in quantum mechanics. 

The consistent histories approach presents an extension of the Copenhagen 
approach to quantum mechanics because it allows a consideration of microscopic 
and macroscopic quantum theory in probabilistic terms (Griffiths 1984, 1987, 1994, 
2002, 2003, 2009; Omnes 1994, 1999; cf. Kiefer 1996). It introduces histories as a 


19 Recall that typicality approaches appeal to large number ratios rather than probabilities; cf. 
Goldstein (2011). 
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universal language but it neither regards measurement as fundamental, nor does it 
accept the ‘collapse of the wave function’ as a real physical process. The consistent 
histories interpretation was first introduced by Griffiths (1984), and further devel¬ 
oped by Omnes (1999). An application of this approach to cosmology, to be 
discussed below, results in the decoherent histories approach by Gell-Mann and 
Hartle (1990, 1993, 1994). These various approaches share the basic ideas—in 
particular the notion of consistent histories, which establishes consistency with the 
probability calculus, and the notion of decoherence as a general mechanism—but 
there is also a notable difference in the treatment of time. 

The key idea behind Griffiths’s consistent histories approach to quantum 
mechanics is the notion of a quantum history, which is a sequence of quan¬ 
tum properties or quantum events at an initial time t Q and a final time t f . If a 
quantum system is to be described at several times, it is necessary to introduce the 
notion of families of quantum histories. ‘A history is simply a sequence of 
quantum events represented by vectors—or, more generally, subspaces—of the 
quantum Hilbert space at successive times' (Griffiths 2009, 119; italics in original). 
In terms of the rules of quantum mechanics and certain consistency conditions, 
some histories are consistent and make sense, whilst others are inconsistent and 
nonsensical. Recall that a history in Minkowski space-time is represented by the 
trajectory of a particle, which is either in inertial or accelerated motion. A tra¬ 
jectory is a sequence of space-time events occurring at subsequent times of the 
particle’s history, according to the clock attach to the particle’s frame. One result 
of the Special theory of relativity is that clocks attached to different reference 
frames are path-dependent; hence they measure only relative simultaneity across 
frames. But it makes no sense to ask, which clock shows the ‘correct’ time or 
which events are really ‘simultaneous’. According to Griffiths. 

Consistent histories provide an extension of (the) sense-nonsense distinction to sequences 

of events occurring at different times in a closed system. (Griffiths 1994, 154; italics in 

original) 

In terms of the language of consistent histories the statements: ‘S x = +Vi and 
S z = —V%, made about the same spin-half particle at the same time, are non¬ 
sensical. According to the rules of quantum mechanics such statements are 
meaningless, since S x and S z do not commute (Griffiths 2002, Sect. 4.6). However, 
these statements may be meaningful (compatible) if S x and S 2 refer to either two 
instants of time or to two different particles. To see this proposal in a concrete 
context, consider again the two-slit experiment (Fig. 4.18), in which an electron is 
allowed to travel through two slits to a detecting screen. These two paths mark 
alternative histories. The consistent history approach does not permit to assign 
probabilities to these alternative histories as long as no measurement has detected 
through which slit the electron travelled to the screen, due to the presence of 
interference terms. Interference prevents the attribution of probabilities to the 
alternative histories, since the probabilities of the interference patterns at the 


4.6 Time in Basic Quantum Mechanics 


227 



Fig. 4.23 Consistent histories in a Mach-Zehnder interferometer (adapted from Penrose 1995, 
267; cf. Griffiths 2009, 120) 

screen is not the sum of the individual probabilities of going through each of the 
slits 20 (Gell-Mann and Hartle 1990, 428^129). 

Quite generally, in experiments of this kind, probabilities may be assigned only when there 

are physical mechanisms in place (such as a measuring apparatus or a suitable physical 

environment) which destroys the interference between the possible alternative histories. 

(Craig and Singh 2011, 373; italics in original; cf. Halliwell 1994b) 

Such incompatible quantum descriptions, which are represented by non¬ 
commuting projectors, violate the single framework rule, which states that 
incompatible elements cannot be combined into a single description (cf. Griffiths 
2002, Sect. 1.7). In the above example only two times were considered (t Q , t f ) but 
when a sequence of quantum events at successive times is involved, a family of 
quantum histories needs to be taken into account. ‘A family is a collection of 
mutually exclusive histories (...)’ (Griffiths 2009, 119). It is thus possible that each 
family is consistent, since it is possible to assign probabilities to it but different 
families may be inconsistent with each other. Chapter 2 introduced a set-up 
(Fig. 2.25), in which a photon in state | a) impinges on a half-silvered mirror, B 
(see Fig. 4.23). 

Part of the photon is transmitted, | d), and the other part is reflected, |c). 
According to the consistent histories approach, two histories are involved, which 
belong to different families. The first family. S\ embodies the superposition: 

|a)->(| c ) + \d))/V2-^\f) (4.6) 

This history can be embedded in the family S \, which remains consistent when 
extended to include the event that D' is, and D is not, triggered by the arrival of the 
photon. Within this family it makes no sense to ask whether the photon passes 


20 A probability of Vi is assigned to alternative histories when a beam splitter either transmits the 
beam to the detector or to the ceiling, Fig. 4.19. 
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through the c or d arm of the interferometer, for those properties are incompatible 
with (|c) + \d))/V2. (Griffiths 2009, 120). 

According to Griffiths, there is ‘a second consistent family $ 2 , in which the 
photon, whilst inside the interferometer, is either in the |c) or | d) arm of the 
interferometer, two mutually exclusive alternatives, for the properties |c) or \d) are 
incompatible with the property (|c) + \d))/s/2 and hence both families present 
mutually exclusive possibilities. 

One can extend $2 t° a consistent family including later states of D and D', but only by 
using macroscopic quantum superposition (Schrodinger cat states). Thus a “which arm?” 
description ($ 2 ) precludes a "which detector?” description ($ 1 ), and vice versa’. (Griffiths 
2009, 120) 

Now imagine that the environment, say in the form of a molecule, is allowed to 
interfere, which has the effect of reducing the interference effect (Fig. 4.24). In this 
scenario the environment would ‘measure’ through which arm the particle passes, 
where this process is known as decoherence. Decoherence leads to the dispersal of 
coherence (see Schulman 1997, Sect. 2.4; Gell-Mann and Hartle 1994, 315; 
Griffiths 2002, Sects. 13.4, 26.2; cf. Atkins 1986, 83-86). 

Griffiths’ version of the consistent histories interpretation accords no time 
direction to the sequence of events, since a history can be consistent which respect 
to a final condition, when the direction of time is reversed: (tf > t 2 > t 2 > t Q ). This 
temporal symmetry arises because the computation of conditional probabilities, 
using the Born rule (Griffiths 2009, 118), 

Pr(^|T) = |<^|r(r 1 ,f 0 )|^| 2 (4.7) 

works equally well in both temporal directions (see Fig. 4.18b). This lack of time 
direction is one of the differences between the Griffiths and the Omnes interpre¬ 
tation of consistent histories, which is important for the introduction of the notion 
of decoherence. Griffiths has repeatedly pointed out that the consistent histories 
approach to quantum mechanics ‘does not by itself single out a direction of time, 
or at least one related to the thermodynamic arrow. One can talk about histories 
consistent relative to a final event rather than an initial event’ (Griffiths 1984, 221, 
253; 1994, 156, italics in original). Although a history is time-reversal invariant for 
the determination of conditional probabilities, Griffiths (1984, 225) affirms that 
‘a definite temporal order (is) associated with a history’, since a history is a 
sequence of events 

D —> E] —> E 2 —» • • • E n —> F (4.8) 

that occur at successive times to < tj < t 2 ...-t n < tf. Although Griffiths assigns a 
fundamental role to the Born rule, and denies a fundamental role to the mea¬ 
surement process, it is nevertheless significant that the measurement of a quantum 
system has certain irreversible effects. It is again a matter of considering all the 
relevant aspects of the situation, which is reminiscent of the discussion of time- 
symmetric cosmological models. The most important effect of the final outcome is 
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Fig. 4.24 Decoherence and consistent histories. When, say, a gas molecule (in one or both arms) 
obstructs the path of the photon, it will decohere the photon parts, thus ‘dissipate’ the interference 
effects and make the photon parts behave like localized particles. The two detectors D, D' will 
then register with equal probability. This is similar to the effect of introducing a microscope into 
the two-slit experiment (Fig. 4.25) 

the disappearance or reduction of interference effects when the superposed system 
arrives at, say, detector D'. Griffiths recognizes that the environment may exercise 
a measurement on the system when he employs the notion of decoherent histories, 
for the environment ‘destroys’ coherence (Griffiths 2002). Griffiths accepts that 
measurements involve thermodynamic irreversible processes, which lead to 
‘indelible’ records and that the entropy of the measurement device will increase 
(Griffiths 2002, Chaps. 17, 27). In fact decoherence can both destroy interference 
effects and render certain families of histories of a subsystem approximately 
consistent (Griffiths 2002, Sect. 26.6) (Fig. 4.24). 

But it was left to Omnes (1994, 1999, 2000) to incorporate the anisotropy of 
time in his version of the consistent histories approach. Omnes’s does so by 
applying typicality arguments, thus linking the consistent histories approach to 
statistical mechanics. Omnes’s version of consistent histories relies on three main 
ingredients: the notion of consistent histories, the correspondence principle and the 
decoherence effect. For the notion of time, the decoherence effect is of particular 
relevance for decoherence either removes or reduces the interference effects, 
which are a hallmark of superposed quantum systems. The disappearance of 
quantum interferences leads to irreversibility and the establishment of ‘indelible 
records’, and hence establishes a connection with the direction of time. 

To see this connection, consider again the behaviour of gas molecules in a 
container. In order to reverse the entropy-increasing process, as allowed by the 
laws of statistical mechanics, so that entropy would decrease—and without 
wanting to wait for the system to return to its initial state in the absence of any 
external influence—one would have to build a ‘preparing device’, which would be 






230 


4 Symmetry and Asymmetry 


so elaborate that it would have the capacity to violate de facto irreversibility. It is 
important to understand in this connection that Omnes sees decoherence as an 
effect, which is irreversible for all practical purposes (FAPP) (Omnes 1999, 
Preface, Chap. 7; cf. Landsberg 1982, 8). That is, Omnes accepts that there is in 
theory a tiny, non-zero probability that the effect is reversible; an admission also 
made by Boltzmann in his re-interpretation of the Second law. But the effect is so 
small that it cannot be measured. Thus, the decoherence approach appeals to the 
typicality of what the overwhelming majority of configurations will do in a given 
phase space. As mentioned before, it is a matter of dispute whether such de facto 
irreversibility is sufficient to ground the asymmetry of temporal processes. What 
counts for the purist is that the most basic equations are completely time-reversal 
invariant; temporal symmetry should be the all-encompassing principle to decide 
on the issue of the anisotropy of time (cf. Price 1996, 2002b; cf. Faye 2002). 
However, pragmatists who are content with FAPP solutions point out that all the 
relevant factors—boundary conditions and the environment in addition to the 
fundamental equations—must be taken into account, and that the properties, which 
we attribute to the ‘nature’ of time (anisotropy, density, linearity) cannot simply be 
read off the mathematical structure of theories. The Poincare recurrence time is 
only valid for idealized isolated systems. ‘Amongst all possible velocity distri¬ 
butions the ones returning to the initial state have a negligible weight’ (Omnes 
1999, Chap. 20; cf. Schlegel 1968, 50, 53; Zwart 1976, Chap. VII). Omnes appeals 
to Borel’s axiom, which states that ‘events with too small a probability never 
occur; such events are irreproducible’ (Omnes 1999, Chap. 20). Although deco¬ 
herence is, in principle, a reversible process. 

we know the reason why decoherence is considered irreversible for all practical purposes. 

To actually “relocalize" the superposition at the level of the system (i.e. to effectively 

time-reverse the process of decoherence), we would need to have appropriate control over 

the environment, which is usually impossible to achieve in practice. (Schlosshauer 2008, 

255; cf. Griffiths 1994, 149-150) 

Decoherence, then, leads to the same temporal direction of physical processes 
as entropic processes in thermodynamics (Omnes 1994, 272; 1999, Chap. 20). 
Decoherence is clearly an indicator of the asymmetric character of time, since it is 
a mechanism that brings about an irreversible loss of coherence, due to the 
interaction of a quantum system with its environment. But recall that the anisot¬ 
ropy of time comes in two different guises. Most notable to human observers is the 
passage of time in macroscopic processes. It is a local arrow, which Reichenbach 
dubbed the ‘sectional nature of time’. The cosmic arrow of time, whose existence 
seems to be indicated by asymmetric cosmic boundary conditions, must, however, 
be due to a property of the universe since decoherence is closely associated with 
thermodynamic processes. It is natural to suggest that the passage of time be linked 
to environmental decoherence and the cosmic arrow of time to cosmological 
decoherence—a thesis spelt out in the following sections. 
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4.6.4 Environmental Decoherence 

What is environmental decoherence? The notion of decoherence, in this sense of 
the term, refers to the emergence of classical states from quantum superpositions. 
Decoherence describes a physical process whereby environmental degrees of 
freedom interfere with a quantum system and single out a preferred set of states— 
or an observable pointer basis (Zurek 1994, 176; cf. Joos 2000; Zeh 2000a). 
Decoherence is therefore an important notion in the understanding of standard 
quantum mechanics. It runs counter to a fundamental idea in all areas of physics, 
namely the idealization of the closed, localized system. It replaces the idea of the 
isolated system, shielded from external influences, with the idea of the open 
system, a system which is subject to environmental influences. Recall that authors 
like Morrison appealed to the disturbing influences by the environment to block 
reversibility objections to the Second law of thermodynamics. This shift in 
emphasis is important in order to understand the transition from the quantum to the 
classical level. As it turns out the traditional assumption of a dualism between the 
‘quantum’ and the ‘classical’ levels no longer holds, since quantum effects have 
been observed in the mesoscopic and macroscopic domain, far beyond the usual 
microscopic area (Schlosshauer 2008, 1-4; cf. Joos 1996, 35-39; Zeh (1996, 
2000a), 25; Arndt 2009). 

As environmental decoherence is an essential process in the transition from 
quantum to the classical systems, from the microscopic to the macroscopic domain, 
and as this process is irreversible (FAPP), decoherence is an important indicator of 
the passage of time, since it is regarded as a universal mechanism, which gives rise 
to the macroscopic world, described by macroscopic physics. The decoherence 
mechanism is an attempt to explain the emergence of classical observable states 
from the underlying superpositions of quantum systems. The potential states of a 
system are expressed in the state vector IT 1 )or the wave function, 'F. These 
superpositions are illustrated most dramatically in Schrodinger’s cat paradox 
(insofar as Schrodinger’s cat can be regarded as a useful analogy of a quantum 
system, see Fig. 4.17). As long as the box remains sealed, the cat’s initial quantum 
state is expressed as a superposition of two alternative states (Schlosshauer 2008, 
58, cf. 29): 

'F| C(ltstale ) * &\citOTVl n 0 f_ decayed) \cClt a n ve ') T () |) | COt f j ra( (J (4.9) 

As quantum systems are often entangled, quantum entanglement is the ‘basic 
mechanism underlying decoherence’ (Schosshauer 2008, 13, 28). Quantum entan¬ 
glement means that two subsystems. Si, S 2 , which constitute a composite system, 
cannot be treated as two individual systems. The composed system is not simply 
the sum of the component systems. 

The state vector IT) of S is called entangled with respect to Si and S 2 if it cannot be 
written as a tensor product of state vectors of these two subsystems, i.e. if there do not 
exist any state vectors \\//) 1 of Si and |ij>), of S 2 such that IT) = |t/')i®|<j >)2 (Schlosshauer 
2008, 28; italics in original). 
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However, as Schrodinger’s cat paradox shows, superposed states are never 
observed. When the box is opened, the cat is either definitely dead or alive. We 
only experience ‘classical’, localized states." 1 This ‘collapse’ of the wave function 
is one of the most puzzling features of the quantum formalism. Environmental 
decoherence is not a solution to the measurement problem, but it is a physical 
attempt to explain the emergence of macroscopic states (or the disappearance of 
superpositions). The classical states are the ‘pointer states’, which are actually 
observed in the recording device. It is important to note that decoherence has been 
observed in the laboratory (Schlosshauer 2008, Chap. 6, 2009). The measurement 
results are the ‘records’ of the interaction between the quantum system under 
observation and the environment with which it interacts. But classical states exist 
all around us, even if they are not observed, so that the environmental selection, 
due to decoherence, can be generalized to the emergence of ‘classical’ states 
outside of the laboratory in the macroscopic world. The decoherence approach is 
thus concerned with the transition from the quantum level to the classical level, 
from the microscopic to the macroscopic level. The hallmark of ‘classicality’ is 
predictability and insensitivity to measurements: a telescope trained on the moon 
does not change its trajectory. But quantum systems are highly sensitive to mea¬ 
surements: an attempt to observe the passage of particles through a two-slit 
arrangement will change the record on the screen from a coherent wave pattern to 
a particle pattern (Fig. 4.25). According to the Projection Postulate, a quantum 
measurement ‘forces the system into one of the eigenstates of the measured 
observable (...)’ (Zurek 1994, 182-183; cf. Goldstein 2009). Decoherence, as a 
form of measurement, induces ‘macroscopic systems into mixtures of states— 
approximately eigenstates of the same set of effectively classical observables’ 
(Zurek 1994, 184). Decoherence says that 

the environment acts, in effect, as an observer continuously monitoring certain preferred 
observables [the classical pointer basis], which are selected mainly by the system-envi¬ 
ronment interaction Hamiltonian. (Zurek 1994, 184; cf. Giulini et al. 1996; Hartle 2011) 

Moreover the ‘measurement’ carried out by the environment invalidates data 
from exotic superpositions of states ‘on a decoherence time scale’. The decoher¬ 
ence time scale, t d , is very short, typically of the order of 10 -20 s for a small 
particle at room temperature. This means that spread-out ‘superpositions of 
localized wave packets will be rapidly destroyed as they will quickly evolve to 
mixtures of localized states’ (Zurek 1994, 187; cf. Schlosshauer 2008, 138). 

If the hallmark of ‘classicality’ is insensitivity to measurements, the outcome of 
the measurement on quantum systems is distinguishability (disappearance of 
quantum holism) (Schlosshauer 2008, 33). The famous two-slit experiment pro¬ 
vides an illustration of how decoherence operates. 


21 Strictly speaking the decoherence programme only allows ‘quasi-classical’ states because (a) 
the interference terms do not disappear but leak into the environment so that they become 
undetectable; (b) the system is now entangled with environmental degrees of freedom; and (c) no 
system is to be regarded as strictly isolated. 
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Fig. 4.25 Wavelike behaviour of electrons, when both slits are open. Even when electrons are 
sent individually through the apparatus they still record an interference pattern on the screen, thus 
confounding the view that they behave, individually, like macro-particles. The individual particle 
goes into a superposition of states and travels through the slits in a superposed state. But when the 
device is placed at one of the slits, in order to observe whether a particle travelled through it, the 
interference pattern disappears and the particles display classical behaviour 

When the particles are allowed to travel through the two open slits, they form 
characteristic interference patterns on a recording screen. When a detector is 
placed at one of the slits, in order to observe whether particles have travelled 
through this slit (path information), the interference patterns disappear (Fig. 4.25). 
As observed above, a simple molecule may act as a detector, in which case the 
environment acts as a measuring device, producing particle-like behaviour 
(Fig. 4.24). The double-slit experiment was at first merely a clever thought 
experiment but was later realized in the laboratory (Jonsson 1974; 2005, 149-188). 
This rather puzzling phenomenon has led to many debates amongst physicists and 
philosophers—about causation and determinism (cf. Weinert 2004, Sect. 5.3)—but 
in the present context it is more appropriate to describe it in terms of entanglement. 
Since the 1990s it has become clear that which-way information about particle 
trajectories can be obtained in degrees. That is, it is experimentally possible ‘to 
retain parts of the interference pattern by gathering only some which-path infor¬ 
mation, e.g. by performing an imprecise measurement of which slit the particle has 
traversed’ (Schlosshauer 2008, 63, italics in original; cf. Weinert 2004, 244-247). 
The interference patterns become relative to the entanglement and the atomic 
motion. This environmental entanglement in a microscopic environment is subject 
to decoherence since the environment itself can act as a which-path monitor. 

Consider, for instance, the environmental particles, which scatter off an object, 
like a book, on a continuous basis (Schlosshauer 2008, Sect. 2.6.3). Let | E a ) be the 
quantum state of all environmental particles before the scattering, and let 
|Ei), /A) be the states of the environment after the scattering process. The 
different states of the scattered particles—|£i), /A)—can be clearly distinguished 
since they are sufficient to reveal, say, different orientations of the book. Thus 
these environmental particles are effective which-way detectors of the book’s 
orientation (‘which-way is the book oriented?’); since they are everywhere, they 
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provide a continuous ‘measuring process’, which does not require a human 
observer. Before the collision, the combined state of environment and system is 
formally expressed as 

|T)|£ 0 ) = 1 / v ^(«Ai+»Ao)|£o) (4.10a) 

After the collision this combined state evolves to the entangled state: 

1 /v / 2(I'Ai>I^i> + l^)!^)) (4.10b) 

This transition, from (a) to (b), describes the dynamical system-environment 
evolution, and represents the decoherence process in a formal manner: 

We see that the relative states |i/q) and |t/t 2 ) of the system have become entangled with the 
environmental states |£i) and |£ 2 ) that encode which-path information. The superposition 
initially confined to the system has now spread to the larger, composite system-environ¬ 
ment state. Correspondingly, coherence between the components |i/q) and |i/'t) is no 
longer a property of the system alone: It has become a shared property of the global 
system-environment state. One therefore often says that coherence has been “delocalized 
into the larger system”, which now includes the environment. (Schlosshauer 2008, 67) 

Decoherence thus results in an irreversible loss of the coherence of phase 
relations between the quantum systems, which is responsible for the observation of 
interference effects. To repeat, this disappearance of interference effects, due to the 
action of environmental decoherence is irreversible for all practical purposes 
(FAPP) (Schlosshauer 2008, 69, 93, 351; Zeh 2012b, Sect. 3) This practical dis¬ 
appearance means, however, that decoherence is in principle reversible such that 
these phase correlations could be restored. In the laboratory this reversal can be 
achieved through the action of a quantum eraser, which destroys the which-way 
information and restores the interference patterns. It is sometimes asserted that the 
theoretical reversal of decoherence amounts to a ‘reversal of the arrow of time’ 
(Schlosshauer 2008, 99). But this claim is very misleading for several reasons: 

• Firstly, the phase delocalization occurs before the relocalization. Decoherence 
precedes recoherence. This succession of events—the disappearance of the 
interference effects before their reappearance—is similar to the events in the 
spin echo experiment. And ‘real’ decoherence, which results from our inability 
to control the interaction of the system with environmental factors, is to be 
distinguish from ‘virtual’ decoherence (Schlosshauer 2008, Sect. 2.13). As is 
known from statistical mechanics, the conspiracy of final conditions is difficult 
to achieve. 

• Secondly, even the ‘effective reversibility’ of the delocalization of local phase 
correlations serves as an indicator of the passage of time. As in the spin echo 
experiments an entropic gradient exists between decoherence and recoherence. 
Environmental decoherence leads to our local experience of the one-way 
passage of events (G. N. Lewis’s one-way time). 
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It has repeatedly been pointed out that our local experience of the passage of 
time is compatible with various topological models of time. Environmental 
decoherence is a plausible candidate for the explanation of weak 1-invariance 
(de facto irreversibility), as it is revealed in our experience of many macro-systems 
and thermodynamic systems, since it provides a mechanism for the disappearance 
of correlations 22 (Hemmo and Shenker 2001; Ridderbos and Redhead 1998, 1254). 
Weak t-invariance is in turn a strong indicator of the passage of time. But envi¬ 
ronmental decoherence does not account for the cosmic arrow of time. In standard 
quantum mechanics a direction of time occurs when a quantum system is subject 
to measurement, either by a laboratory device or the environment. The measure¬ 
ment process is irreversible and therefore any measurement constitutes an increase 
in entropy. 

The common explanation for the origin of the arrow of time in the quantum mechanics of 
measured subsystems is that measurement is an irreversible process and that quantum 
mechanics inherits its arrow of time from the arrow of time of thermodynamics. If that is 
the case, then the origin of the quantum-mechanical arrow of time must ultimately be 
cosmological, for the straightforward explanation of the thermodynamic arrow of time is a 
special initial condition for the universe implying that its constituents were far from 
equilibrium across a spacelike surface. (Gell-Mann and Hartle 1994, 315; cf. Schlosshauer 
2008, 100) 

If the source of the cosmic arrow of time lies in cosmological conditions, then it 
is conceivable that cosmological decoherence can provide the physical mechanism 
for the appearance of an arrow of time. For cosmological decoherence is con¬ 
cerned with the appearance of alternative decoherent histories of branching events, 
which can account for the emergence of quasi-classical trajectories, described by 
macroscopic physics. In brief, cosmological decoherence attempts to explain the 
emergence of ‘classical’ and relativistic space-time (Gell-Mann and Hartle 1994, 
341-343; Hartle 2011; cf. Halliwell 1994a; Ridderbos 1999; Stamp 2006; 
Bacciagaluppi 2007; Craig and Singh 2011). 


4.6.5 Cosmological Decoherence 

Quantum cosmology is concerned with the boundary conditions of the universe, 
either at the very beginning or at the very end of its evolution, as well as with the 
emergence of the ‘classical’ realm."’ Earlier the likely evolution of the universe 


22 Hemmo and Shenker propose as a conjecture that ‘the decoherence interactions in the case of 
a gas induce perturbations of the molecules’ wave function that are enough to put the gas with 
high probability on thermodynamic-normal trajectories’ (Hemmo and Shenker 2001, 562). 

23 Modem cosmology suggests that talk of ‘our’ universe should be distinguished from talk of 
‘the’ universe, which may harbour parallel universes (multiverse) (Carroll 2010). According to 
Linde’s inflationary eternal universal model, discussed in Chap. 2, ‘our’ universe is only one of 
many universes, which are bom and die as islands emerging from a quantum foam. In his latest 



236 


4 Symmetry and Asymmetry 


under the stipulation of different boundary conditions was considered. When the 
initial and final conditions of the universe differ in their physical characteristics, an 
asymmetric evolution of the universe can be expected, creating an arrow of time. 
How can asymmetric boundary conditions arise? They would arise, if Penrose’s 
Weyl curvature hypothesis were a correct description of these conditions. But the 
boundary conditions of the universe are so extreme that they fall outside of the 
realm of General relativity and are best considered in the context of quantum 
cosmology. A considerable consensus seems to prevail that the arrow of time 
arises from the existence of asymmetric boundary conditions of the universe, in 
conjunction with some regularity. Candidates for such a dynamic regularity are the 
expansion of the universe or the Second law of thermodynamics. Both are prob¬ 
lematic with respect to the arrow of time. 4 But if the arrow of time is to emerge 
from some fundamental quantum state of the universe, cosmological decoherence 
may provide the appropriate mechanism for its appearance. On the familiar 
everyday level we encounter numerous examples of irreversible behaviour and 
hence of the anisotropy of time. (Reichenbach called this phenomenon the 
‘sectional nature of time’.) Our limited experience of time may be anisotropic but 
we could still live in a time-symmetric universe. But current cosmologies offer 
little evidence in support of time-symmetric models of the universe. In fact, 
quantum cosmology seems to suggest that at least our universe is asymmetric in its 
boundary conditions and thus displays an arrow of time. 

The notion of decoherence was introduced as a general mechanism, whereby 
macroscopic phenomena emerged from the interaction of quantum systems with 
their surrounding environment over relatively short decoherence time scales. 
Decoherence stands for the loss of interference terms—the dissipation of coher¬ 
ence—which is characteristic of the transition from quantum to classical systems. 
Decoherence in the environmental sense is understood as an interaction of a 
quantum system with its environment. It is illustrated in many versions of the 
two-slit experiment—whereby the characteristic interference terms disappear at 
the classical level so that the familiar macro-phenomena are observed. The like¬ 
lihood of measuring the superposed states in Schrodinger’s famous cat paradox is 
close to zero. Environmental decoherence may explain the emergence of local 
arrows of time. 

Decoherence in the cosmological sense refers to the emergence of alternative 
decoherent sets of histories from the underlying quantum world. Cosmological 
decoherence is also understood as a general mechanism, whereby the familiar 


(Footnote 23 continued) 

work, Penrose (2010) proposes a cyclic universe, in which never-ending cycles of universes are 
born one after the other. The lifetime of a universe is an aeon, which stretches from a big bang to 
a state resembling a heat death, only to start all over again. The present discussion will limit itself 
to the evolution of ‘our’ universe. As Ellis (2011) demonstrates, the notion of a multi verse is not 
without its critics. 

24 Cosmological expansion is problematic as long as there is uncertainty about its topology. The 
Second law is problematic because of its statistical nature. 
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world of our experience—the quasi-classical domain of classical physics with 
its familiar equations of motion—emerges from some deeper quantum level. 
Cosmological decoherence aims to explain the emergence of (classical and 
relativistic) space-times. Thus space-time becomes an emergent phenomenon 
from a more fundamental quantum level. The macro-world of classical physics is 
‘quasi-classical’ because quantum correlations and quantum superpositions do 
not disappear but become virtually invisible. They sink below the level of the 
measurable. The quasi-classical domains consist of ‘a branching set of alternative 
decohering histories’ (Gell-Mann and Hartle 1990, 425) but they are ‘quasi- 
classical’ because quantum correlations never disappear entirely; they simply 
become unobservable and no longer affect the motion of the trajectories 
(Gell-Mann 1993, Sect. 6; cf. Kiefer 2000). Recall that according to this approach 
probabilities can meaningfully be assigned only to alternative histories, in which 
the interference effects can be practically ignored. 22 

Decoherence on the cosmological level is responsible for the branching events, 
the emergence of a set of decoherent histories, as emphasized in some approaches 
to quantum mechanics. A history is a time-ordered set of properties. Histories are 
branch-dependent, i.e. they are conditional on past events. Branching events are 
inherently irreversible, since they select from a set of possible alternative histories 
one actual history, to which they assign a probability. Here, as in the earlier 
version, branching events replace the act of measurement, since on the cosmo¬ 
logical level there are neither observers nor measuring devices. 

We should be able to deal (...) with the classical behavior of the Moon whether or not any 
observer is looking at it. (Gell-Mann and Hartle 1993, 3346) 

According to the decoherence approach, applied to the universe as a whole, 
which is treated as a closed system, 

(s)ets of alternative histories consist of time sequences of exhaustive sets of alternatives. A 
history is a particular sequence of alternatives, abbreviated [Pj = (q) ; (* 2 )- ■ • 

P" B (f„)). (Gell-Mann and Hartle 1990. 432, italics in original; cf. Hartle 2011, Appendix) 

A rule needs to be specified to assign probabilities to a given set of histories. 
Probabilities can only be assigned when the interference terms between the coarse¬ 
grained alternative histories have vanished. The rule, which determines not only 
whether alternative histories may be assigned probabilities but also what these 
probabilities are, is given by the decoherence functional, D (Gell-Mann and Hartle 
1990, 434-435): 


25 Gell-Mann and Hartle take a rather pragmatic approach to probabilities. ‘Probabilities for 
histories need be assigned by physical theory only to the accuracy to which they are used. (...) 
We can therefore conveniently consider approximate probabilities, which need obey the rules of 
the probability calculus only up to some standard of accuracy sufficient for all practical purposes. 
In quantum mechanics (...) it is likely that only by this means can probabilities be assigned to 
interesting histories at all (Gell-Mann and Hartle 1990, Sect. 2; italics in original). Goldstein 
(2011. 14) suggests that their notion of probability is, in effect, a typicality notion. 
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D\[history)', (history)] = (TVl'P/i) 



A ‘set of coarse-grained alternative histories is said to decohere when the off- 
diagonal elements D [interference terms] are sufficiently small: 


D([P a '], [Pa]) « o, for any a! k / a k 


(4.12) 


This is a generalization of the condition for the absence of interference in the 
two-slit experiment (...)’ (Gell-Mann and Hartle 1990, 436; Craig and Singh 2011; 
Halliwell 1994b). A coarse-grained history is one in which not every variable is 
specified and even the specified variables in a coarse-grained history are not given 
with absolute precision and fixed for all times. 

It is evident why coarse-grained histories are of interest to us as observers in the universe. 
Our observations fix only a tiny fraction of the variables describing the universe and fix 
those only very imprecisely (Gell-Mann and Hartle 1993, 3346) 

A coarse-grained history, from a physical point of view, reveals the link 
between decoherence and the existence of indelible records about states of the 
universe (cf. Gell-Mann and Hartle 1990, 434; Halliwell 1994a, Sect. 3; Craig and 
Singh 2011, 374). But decoherence, in both the environmental and the cosmo¬ 
logical sense, occurs irrespective of the presence of human observers, and can 
therefore be expected to be an invariant process. This notion of coarse graining is 
familiar from statistical mechanics, where it refers to the partitioning of phase 
space into cells, which are either empty or populated with micro-constituents 
(Fig. 4.4). The arrangements of these cells express the micro-conditions, which 
correspond to a given macro-condition, as captured in the thermodynamic prob¬ 
ability, W. The vanishing of the off-diagonal elements of D, in the cosmological 
framework and the language of decoherence, translates into the practical disap¬ 
pearance of quantum interference terms between the individual histories in a 
family of histories. The decoherent sets of histories become the quasi-classical 
histories (trajectories) above the quantum level, which are governed by the 
‘classical’ equations of motion. At this level the familiar predictability of ‘clas¬ 
sical’ systems and their insensitivity to measurements are encountered. Decoher¬ 
ence is an umbrella term for various kinds of mechanisms, whereby interference 
terms between quantum states—which are responsible for coherence—sink below 
the detectable level (although they do not disappear). Examples of such decohering 
mechanisms involve the scattering by photons and the dispersal of quantum 
mechanical phase relations. 

Thus, for example, sets of histories that distinguish the center-of-mass positions of bodies 
as light as a grain of dust can be very efficiently “decohered" by the collisions of the 
bodies with the omnipresent 3 K cosmic background radiation (cf. Gell-Mann and Hartle 
1990, 443; 1993, 3347). 
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If the notion of cosmological decoherence plays a significant part in the 
emergence of ‘classical’ trajectories in space-time, the notion of irreversibility 
will be equally important. It was noted above that environmental decoherence is a 
form of measurement that occurs in the absence of observers and that irrevers¬ 
ibility is the hallmark of measurement situations (Schlosshauer 2008, 100; 
Gell-Mann and Hartle 1990, Sect. 11; 1993, 3376; 1994, 315). In cosmological 
decoherence the measurement act is replaced by branching events, by which past 
records and quasi-classical domains are established. The fact that histories and 
decoherence are branch-dependent and thus conditional on what happened in their 
past—their past records—means that these histories are practically irreversible. 
The emergence of quasi-classical domains of our experience can therefore be 
understood as an indicator of the arrow of time. Classical cosmology shows that 
arrows of time arise when initial and final conditions differ, because the initial 
entropy of the universe is much smaller than the final entropy. Cosmological 
decoherence provides a mechanism, whereby irreversible classical domains arise 
from the prior quantum conditions of the universe. It bestows an arrow of time on 
the classical world; this seems to be the case in our universe. 

In other words, some possible histories have a negligibly small probability of 
occurring, whilst others, like the familiar histories of classical systems, have a high 
probability. Thus, while all histories are equally possible, they are not all equally 
probable. 

Earlier two-time boundary conditions were considered from a classical point of 
view. If initial and final entropy conditions are set to be the same, then 

(a) universe is time-symmetric about a moment of time if the probabilities of any set of 
alternative histories are identical to those of the time-inverted set’ (Gell-Mann and Hartle 
1993, 3370; 1994, 328) (cf. Fig. 2.14) 

It was found, however, that the duration of the relaxation time, t, compared to 
the cosmic time, T, had a significant impact on the actual behaviour of the 
universe: 

(...) subsystems with relaxation times long compared to the interval between initial and 
final conditions might have non-negligible probabilities for fluctuations from exactly time- 
symmetric behaviour’. (Gell-Mann and Hartle 1994, 324; Hartle 2011) 

Time-symmetric cosmological models do not necessarily imply the absence 
of arrows of time in the real universe. The requirements of decoherence and 
‘classicality’ (predictability) impose severe limitations on the relations between 
initial and final conditions (Gell-Mann and Hartle 1994, Sect. 22.6; cf. 1990, 439; 
1993, 3376). Cosmological models must explain the quasi-classical domain of 
everyday experience, described by macrophysics (Gell-Mann and Hartle 1994, 
335). But a fundamental feature of our familiar experience is the anisotropy 
of time, and our everyday world is a decohered quasi-classical domain. As 
decoherence is a physical mechanism, physical time cannot be a mere appearance 
of human psychology. According to the decoherence approach, the anisotropy 
of time is an emergent phenomenon, even though, under the least favourable 
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scenario, it may be confined to our universe. The emergence of a quasi-classical 
domain therefore suggests that decoherence provides a plausible explanation of the 
arrow of time, for the effect of decoherence is practically irreversible. 

An arrow of time in the quantum mechanics of cosmology would be a fundamental time 

asymmetry in the basic laws of physics. (Gell-Mann 1994, 316) 

The last two chapters have reviewed arguments, which hold that relative 
simultaneity and the r-symmetry of the fundamental equations strongly suggest a 
static, Parmenidean view of time, and that the anisotropy of time belongs to the 
field of human perception. However, these criteria do not account for our expe¬ 
rience of the direction of time on the basis of physical time. In fact, in both 
chapters criteria emerged, which suggest strong indicators of a dynamic, Hera- 
clitean view of time. In each case it was argued that all the relevant factors— 
whether by way of invariant relationships, entropy or decoherence—needed to be 
taken into account. It is not just the parallelism of thermodynamic systems, but the 
parallelism of many asymmetric processes in the universe, which suggest a 
Heraclitean view of time. When this is done, it is temporal symmetry, which 
appears to be an epiphenomenon of an atemporal viewpoint, whilst temporal 
asymmetry turns into a fundamental Heraclitean reality. 

Yet the analysis of Parmenidean stasis is not yet complete, since the block 
universe is often assumed in time travel stories. The implications, which static and 
dynamic time have for scenarios of time travel, must now be considered. 


4.7 Time Travel Scenarios 


Time travel is difficult. (Gott 2001, 238) 

In previous sections the notion of physical time, under various forms of con¬ 
straints, was investigated. That is, physical time was taken to be constituted by the 
succession of physical events, rather than existing as a physical parameter in its 
own right. The most important constraints on the notion of physical time were 
provided by the theory of relativity (time dilation, relative simultaneity), statistical 
mechanics (entropy. Second law of thermodynamics) and quantum mechanics 
(decoherence). As time travel scenarios often exploit the block universe, the 
question arises how assumptions of temporality and atemporality affect the pos¬ 
sibility of time travel. 

When the possibility of time travel is envisaged, a distinction between tradi¬ 
tional and cosmological time travel must be made. Traditional time travel sce¬ 
narios involve the use of time travel machines, as for instance in H. G. Wells’s 
famous book The Time Machine (1895). The time traveller in Wells’s story travels 
into the distant future and returns to his own period in 1895. The theory of 
relativity employs, as a similar thought experiment, the so-called twin paradox, in 
which a space-traveller uses a rocket to travel to a distant planet and returns home 
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to find his twin brother, who stayed on Earth, to be much older than he is himself. 
Cosmological time travel derives from properties of the General theory of rela¬ 
tivity and employs devices like closed time-like curves (CTCs), wormholes in 
space-time and cosmic strings. 

As a matter of empirical fact, it seems that no one has actually travelled into the 
past or returned from the future, since no records of such journeys exist. No time 
travel machine has been constructed to take a traveller to a different part of history. 
Talk of the possibility of time travel in both the traditional and cosmological sense 
is an inquiry into the question of whether there are conceptual and physical 
obstacles, which may render the idea of time travel logically or physically 
impossible. Opponents of the possibility of time travel often rely on well-known 
paradoxes—the grandfather paradox, the auto-infanticide paradox and the 
knowledge puzzle (Dummett 1988, 155)—to refute the possibility of time travel. 
Proponents of the possibility of time travel attempt to show that these paradoxes 
are only apparent and can be resolved. Quite generally we find that the paradoxes 
of time travel arise from time travel scenarios into the past, whilst time travel into 
or from the future are replete with oddities but seem to be free from paradoxes. It 
is therefore convenient to distinguish time travel into or from the future from time 
travel from or into the past. 


4.7.1 Is it Possible to Travel into the Future? 

It is often claimed in the literature that we are all time travellers into the future 
since our most common experience is the slow progression of life into an open 
future. ‘Just keep sitting in your chair. Every hour you will move one hour into the 
future’ (Carroll 2010, 93). However, an inquiry into the possibility of future time 
travel, as practised by the Wellsian time traveller, means an accelerated journey 
across many centuries, against the background of the normal ‘flow’ of time. In 
order to address this question recall the difference between the relational and the 
realist view of time. On a strictly relational view of time (according to Leibniz), 
time travel into the future must be denied for time is nothing but the order of the 
succession of coexisting events. According to the relational view, time is consti¬ 
tuted by the succession of changing events in a particular order, be it the classical 
order of (Neo-) Newtonian space-time or the modern order of Minkowski space¬ 
time. A projection to some future date, say 2100, envisages a finite period (from 
the present), which will need to be ‘filled’ gradually by successive events, such 
that later events are dependent on earlier events, till the targeted date is reached. 
A time traveller would thus be prevented from travelling to the future because 
there are no events to ‘visit’. On the relational view the future does not yet exist, 
since it needs to be ‘filled’ by the succession of events. On the relational view the 
acceptance of empty time is suspicious. Empty time is only admissible if it can be 
measured against some concurrent succession of events. For instance, a frozen 
world may exist somewhere in the universe, where no events succeed each other. 
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In such a subsystem time may be said to elapse because it can be gauged against 
the background of a normal succession of events elsewhere in the universe. 
However, on the classic Newtonian view, time travel into the future seems to pose 
no significant obstacles because space and time exist as separate (absolute) entities 
in the world, irrespective of the existence of material events. Empty time poses no 
particular problem, because the Newtonian universe is infinite in space and time. 
A time traveller in Newtonian space-time should be able to travel along the 
temporal axis of ‘absolute’ time but may find the distant future devoid of events. 
By contrast, the time traveller in H. G. Wells’s tale faces no empty time. He 
remains at the same location but his time machine propels him forward into a pre¬ 
existing future. It allows him to see what happens to this particular location along 
the time axis into the distant future. The time traveller moves along the temporal 
axis as if it were another spatial axis. He is like a train passenger who watches the 
landscape rushing past, but his time machine moves in time, not in space. The time 
traveller speaks of time as a fourth dimension, and thereby Wells indicates that his 
time travelling scenarios only make sense on the assumption of the block universe, 
as it is associated with Minkowski space-time (Lockwood 2005; Chaps. 6, 7; 
Dainton 2001). For ‘purposes of time travel we must accept the reality of past and 
future’ (Nahin 1993, 16). Time travel in the traditional sense therefore presupposes 
the block universe. 

Forward-moving time travel in Minkowski space-time does not need to take the 
form of the Wellsian time traveller who travels from his London home in 1895 
along the time line into the distant future, without changing his location. It is 
sometimes alleged that Einstein’s Special theory shows that time travel into the 
future is a possibility (Horwich 1975, 432; Nahin 1993, 16; Gott 2001, Chap. 2). In 
Einstein’s thought experiment the time travelling twin changes location whilst his 
brother stays at home. Two twins, Homer and Ulysses, decide to confirm the time 
dilation prediction of the Special theory of relativity. Homer will stay at home, 
whilst Ulysses will embark on a space journey to a nearby star, which lies 8 light 
years away. Ulysses will travel at a velocity of v = 0.8c (i.e. 4/5 of the speed of 
light), apart from short bursts of acceleration and deceleration, which will be 
neglected. According to Homer’s clock it will take twenty years for Ulysses to 
complete his journey—ten years for each leg—, so that Homer will be twenty 
years older on his brother’s return. But for Ulysses the journey will only take 
12 years, according to his clock, which measures a dilated time t', since moving 
clocks slow down. (These differences stem from the application of the equation for 
time dilation.) If longer journey times were chosen for Ulysses to more distant 
planets and higher velocities, the temporal discrepancies between the Earth 
inhabitants and the space traveller could amount to thousands of years (Novikov 
1998, 77; Gott 2001, 66-69; Lockwood 2005, 48). Ulysses would then return to 
Earth where history had advanced far into the future. He would, as some conclude, 
have travelled into the future, whilst aging only a moderate amount of time. But, of 
course, this time travel scenario is completely different from Wellsian time travel 
into the future. The Wellsian time traveller accelerates his time machine along the 
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temporal axis, which exists as a fourth dimension, in a spatial sense. Wells treats 
time as a fourth dimension, in addition to the three spatial dimensions, whilst the 
passage of time belongs to the realm of human perception: 

There are really four dimensions, three of which we call the three planes of Space, and a 
fourth. Time. There is. however, a tendency to draw an unreal distinction between the 
former three dimensions and the latter, because it happens that our consciousness moves 
intermittently in one direction along the latter from the beginning to the end of our lives. 
(Wells 2005, 4) 

Although Wells alludes to a four-dimensional ‘space-time’, it is not space-time 
in the relativistic sense. In the theory of relativity space and time become welded 
into a union of space-time, and hence the expression ‘Minkowski space-time’. In 
Minkowski space-time spatial and temporal lengths become subject to relativistic 
effects, known as time dilation and length contraction. 

For the Wellsian time traveller time is just another dimension in the geometry 
of space, which enables him to return to the year 1895, from which he departed far 
into the distant future. The Wellsian time traveller uses his knowledge of future 
history to return to his own present and to warn people of the detrimental evo¬ 
lution, which has split the human race into the gentle Eloi and the ferocious 
Morlocks. But Ulysses, on his return to Earth, is as much a prisoner of time as the 
Earth inhabitants he will find. Both Ulysses and his brother Homer age, but at 
different rates. Ulysses will not be able to return to the present, from which he 
departed; nor will his brother. Ulysses will not be able to affect the course of 
history on Earth after his voyage into space. ‘There are no contradictions involved 
in Ulysses’ travel. Both Ulysses and Homer move forward in time but the motion 
is slower for Ulysses than it is for Homer’ (Novikov 1998, 232). 

At first sight these time travel tales into the future are not fraught with obvious 
paradoxes, as is time travel into the past. The Wellsian time traveller visits a 
distant future, which already exists in the sense of the block universe, and returns 
to his own present where his friends eagerly await his return at the dinner table. 
Neither his friends nor the time traveller have aged. Einstein’s time travelling twin 
returns to Earth—having aged less than his brother—but not to the date from 
which he departed. 

If time travel into the future were possible, it would lead to odd situations. 
Imagine that a time traveller counted a mathematician amongst his friends. The 
mathematician has struggled for years to prove an intractable theorem. The time 
traveller promises to visit a library on his next journey into the future. There he 
discovers, in a journal, a published proof of the theorem. He copies it and shows it 
to his mathematician friend on his return. The mathematician tidies up the proof 
and succeeds in publishing it in a mathematical journal in his own time (Davies 
2001, 113-114). What the mathematician does is not paradoxical but it is odd, 
since the question of creativity and originality has been sidestepped. Who dis¬ 
covered the proof? If no future mathematician has actually produced a proof, 
there is no act of creativity in this story, since the mathematician friend simply 
copies what he finds. This is odd but not contradictory. If, however, a future 
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mathematician actually did publish a proof, which the time traveller’s friend then 
copies, then the puzzle of the origin of creativity does not arise, but it again 
emphasizes that the future already exists. 

A clear lack of creativity, however, occurs in the story of a conceited, third-rate 
artist, whose tale leads to a knowledge puzzle. 26 The story recounts an unfamiliar, 
strange event. A third-rate artist is visited by a time travelling critic from the future. 
In the art critic’s own time the artist is hailed as one of the greatest painters of the 
twenty-first century. When the artist shows the time traveller his paintings for his 
appreciation, the critic is disappointed by the poor quality of his work. He con¬ 
cludes that the painter cannot yet have entered his most creative period, in which he 
subsequently produces the celebrated masterpieces, for which he is famous in the 
critic’s own time. The art critic produces a portfolio of reproductions to show the 
painter what he means. Then the critic suddenly has to take leave to return to his 
own century. But the artist tricks him into leaving behind the portfolio of repro¬ 
ductions. The artist then spends the rest of his career producing the copies of the 
reproductions of the famous masterpieces. Thus he ensures his future celebrity. 

Whilst this story is not straightforwardly paradoxical it is extremely odd since 
time travel seems to allow knowledge to flow from the future into the past. The 
oddity derives from the fact that there is no one who pays the cost of solving a 
problem, which leads to knowledge; nor does anyone in this story make a creative 
effort to produce the masterpieces. Despite its puzzling nature the story does not 
involve contradictions, which typically plaque time travelling stories into the past. 

Nevertheless, it is possible to construct paradoxical situations, even with future 
time travel in mind. Consider Ulysses again who is short of money and would 
dearly like to win the jackpot at next Saturday’s lottery draw. He travels forward in 
his time machine to Saturday evening to observe the draw of the winning lottery 
numbers. He then returns to earlier in the week and ticks the winning numbers on 
his lottery ticket. Has he tampered with his destiny? In this story, the future already 
exists, since Ulysses is able to observe the lottery draw. When Saturday evening 
arrives Ulysses will also be the holder of a lottery ticket, which he must have 
bought earlier in the week. It will either make him a winner or a loser. If he is the 
winner of the jackpot, he must have ticked the winning numbers earlier in the 
week, without prior knowledge of the outcome. In that case he has no need to 
travel into the future. If he is the loser, he must either have ticked the wrong 
numbers earlier in the week, or not have bothered to buy a ticket. Can he change 
this unwelcome state of affairs by travelling into the future? There he will exist as 
either the winner or the loser, since on the block universe view the future is already 
determined. In the latter case he cannot return to earlier in the week and tick the 
winning numbers because this act implies changing a future state of affairs, which, 
on the block universe, already exists. The paradox arises from two different 
temporal perspectives. From the point of view of earlier in the week, the future is 


For more on this story see Dummett (1988, 155), Deutsch (1991), 3197, Nahin (1993), 202, 
205ff, Deutsch and Lockwood (1994, 50-55), Davies (1995, 250). 
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seen as open and Ulysses seems to be able to give his luck a little nudge in the right 
direction by exploiting knowledge of the future. But from the point of view of 
Saturday evening, he is either a winner or a loser. Neither state can be changed 
because he must have bought his ticket (or not, as the case may be) prior to the 
lottery draw. From Saturday’s perspective he would have to change the past, i.e. 
change to the winning numbers. But changing the past, undoing things, which have 
already happened, is commonly regarded as the greatest obstacle to time travel into 
the past. 


4.7.2 Is it Possible to Travel into the Past? 

Time travel into the past is a challenging idea because it is threatened by numerous 
paradoxes. We normally think of the future as open and the past as frozen. As 
mentioned above, two forms of time travel into the future need to be distin¬ 
guished" 7 : on the one hand, cosmological time travel, sometimes called Godelian 
time travel along closed time-like curves (CTCs) or wormholes and cosmic strings; 
and, on the other hand, conventional time travel, sometimes called Wellsian time 
travel, which requires some time travelling device. Godelian time travel is based 
on the idea that the General theory of relativity allows the world lines in 
Minkowski space-time to be bent such that they might close in on themselves and 
form closed loops. In other words CTCs are possible solutions of General relativity 
(Fig. 4.26). The original suggestion was made by Kurt Godel who lent his name to 
this sort of time travel (Godel 1949, 560). But this scenario differs in important 
respects from our conventional view of time travel. Firstly, closed time-like curves 
can be formed if space-time loops arise, due to the extreme distortion of space- 
time. But, according to one scenario, the universe may collapse to a Big Crunch 
before CTCs are created (Carroll 2010, 110). Secondly, the observer always moves 
in a future direction and locally everything appears to her/him according to the 
familiar irreversibility in space and time. In Reichenbach’s terms, the observer will 
experience the sectional nature of time. Thirdly, the size of the CTC determines 
how far the observer can travel back in time. Hence CTCs justify the distinction 
between local and global arrows of time. No traditional time machine is involved, 
which carries a time traveller to her/his destination. Rather, very special physical 
conditions must be satisfied for CTCs to occur, as perhaps in rotating black holes, 
over which the observer has no control. 


27 See Earman (1995); Deutsch and Lockwood (1994); Arntzenius and Maudlin (2002); 
Lockwood (2005). The idea of wormholes is explained in Thome (1995); Davies (2001); Gott 
(2001); Carroll (2010); the idea of cosmic strings is described in Gott (2001). Oscillating 
universes are discussed in Davies (1974, Sect. 7.3); Tiper 1980; Carroll (2010), Chap. 15; Penrose 
(2010, 165-168); Freese et al. (2012). 
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Fig. 4.26 Closed time-like 
curve (CTC). Moving 
forward on such a curve, an 
observer would eventually 
meet her/his former self! 



Locally, they would conform to all the familiar properties of space and time, yet they 
would be corridors to the past. If we tried to follow such a closed timelike curve (or CTC) 
exactly, all the way around, we would bump into our former selves and get pushed aside. 

But by following part of a CTC, we could return to the past and participate in events there. 

We could shake hands with our former selves or, if the loop were large enough, visit our 
ancestors. (Deutsch and Lockwood 1994, 52, cf. Thorne 1995. Chap. 14; Davies 2001, 
2006a; Carroll 2010, Chap. 6) 

Such suggestions—shaking hands with one’s former self, perhaps altering one’s 
former appearance—are clear breaches of the principle of the unchangeability of 
the past. Such breaches can be avoided, as we shall see below, if a multiverse 
perspective is adopted. And even if it were possible to time travel in this cos¬ 
mological sense, the time traveller cannot arbitrarily choose to visit a particular 
period in the past, since this depends on her/his ability to warp space-time. At least 
in the conventional sense, this may not be time travel into the past. 

Another version of cosmological time travel is associated with the possibility of 
constructing a wormhole in space-time. Such wormholes are either gateways to 
another universe or shortcuts to other parts of the universe, which cannot be 
reached by conventional means (Fig. 4.27). 

By passing through a wormhole from A to B, it is possible to go backwards in time. And 
by returning rapidly across ordinary space, you could get back to A before you left (Davies 
2001,76). 

If the Earth, for instance, lies at a distance of 26 light years from Vega along the 
traditional route (long arrow), the wormhole through hyperspace would shorten 
this distance to a mere kilometre (short arrow in Fig. 4.27) (Thorne 1995, 485). 
A traveller through the wormhole would learn about events on Vega, which still lie 
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Fig. 4.27 Time travel 
through a wormhole, 
Wikimedia Commons 



ill the distant future for inhabitants on Earth. He may even catch a glimpse of his 
own departure, as he prepares to enter the mouth of the wormhole. 

Wormholes only exist in the minds of theoretical physicists. Considerable 
obstacles stand in the way of the use of wormholes for the purposes of time travel. 
One of the biggest obstacles is the problem of keeping a wormhole open, which 
would require negative energies (Carroll 2010, 115-116). Even if it were possible 
to overcome the considerable technological difficulties and to time travel to 
another part of the universe, via the wormhole shortcut, the time traveller cannot 
arbitrarily choose to visit a particular period in the past. 

A further possibility for time travel into the past involves the use of infinitely 
long cosmic strings (Gott 2001, 99-110). Again such a device faces insurmount¬ 
able difficulties: 

To allow time travel to the past, cosmic strings with a mass-per-unit length of 10 million 
billion tons per centimeter must each move in opposite directions at speeds of at least 
99.999999996 per cent of the speed of light. (Gott 2001, 104) 

One cannot use wormholes or cosmic strings to go back to a time before they 
were constructed (Davies 2001, 105; Gott 2001, 109-110). This remains the 
prerogative of the Wellsian time traveller. 

The conventional sense of time travel into the past is Wellsian time travel as it 
is inspired by Wells’s book The Time Machine (1895). Wells’s time traveller does 
not travel into a past beyond his present time. He chooses a future date, visits it and 
returns to his present age. Thus he travels up and down his world line in a spatial 
sense, without leaving his location. 28 To repeat, the Wellsian time traveller was a 
believer in some sort of four-dimensional space-time. Of the various snapshots of 
a person’s life he says that they are ‘Three-Dimensional representations of his 
Four-Dimensioned being, which is a fixed and unalterable thing’ (Wells 2005, 5). 


28 As Smart (1963, 237-238) pointed out, Wells’s story involves an illegitimate notion of 
movement through space-time, since the Wellsian time traveler does not partake of the 
relativistic effects. 
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Some sort of four-dimensional space-time seems to be required for Wellsian 
time travel both into the past and into the future to be possible. But talk about time 
and time travel makes little sense without regard for the physical constraints 
involved. Disregard of physical constraints invites a commonsensical paradox, 
formulated in ordinary language, which purports to show that time travel is con¬ 
ceptually impossible. It may be objected that time travel involves the traversing of 
a given time interval, say 500 years, in less time than the original time interval, 
and that this is contradictory (Horwich 1975, 433). 

But such an objection to time travel implicitly invokes the notion of absolute 
time, which our ordinary way of thinking shares with Newtonian physics. In other 
words, it implies that a measured time interval must be the same for all observers, 
in all inertial reference frames. However, one effect of the Special theory of 
relativity was the abandonment of the notion of absolute time. A temporal interval, 
measured in different reference frames, does not appear as equally long because of 
the effect of frame velocity on the ticking of clocks, as seen from different ref¬ 
erence frames moving inertially with respect to each other. Quite generally, it was 
found that compared to proper time, f, which corresponds to clocks at rest in a 
reference frame, S, coordinate time, f , of a moving clock lags behind by a factor 
1 /y. Proper time, therefore, always indicates a shorter time interval than coordi¬ 
nate time (‘dilated time’). If the time of the time traveller in his time machine is 
taken as the proper time, then Earth time, as measured from his machine, appears 
to measure a longer interval. For instance a very fast moving time traveller is able 
to traverse an Earth time of 500 years in just 31.6 years. -9 Because of the validity 
of the principle of relativity it is not contradictory to say that a time traveller in a 
time machine can traverse a span of Earth time, the duration of which is longer 
than the journey time, if these are measured in different reference frames. 

The problem is not that different durations of the temporal intervals are 
involved. The real problem is one of physics. The above example, which allows 
a time traveller to travel 500 years of Earth time in just 31.6 years in rocket 
time, assumes that the time machine can travel at a velocity of 0.998c 
(where c is the velocity of light = 2.994 x 10 s m/s). But reaching such a speed 
for material objects is physically impossible, according to the Special theory of 
relativity. Even if the time traveller is granted 500 years in his time machine 


29 This figure disregards acceleration. If an acceleration of 10 m/s 2 is included we get the 
following times (Sexl and Schmidt 1978, 164): 


Rocket time (years) 

Velocity (as a fraction of the speed of light, c) 

Earth time (years) 

4 

(v = 0.993c) 

27 

6 

(v = 0.999c) 

200 

8 

(v = 0.999c) 

1,500 
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(corresponding to an Earth time of 7911 years), he still needs to travel at a velocity 
very close to that of the speed of light (2.81 x 10 8 m/s), which again is physically 
impossible. The calculations show that a time traveller who travels at a velocity of 
3,000 m/s will see that proper time, f, and coordinate time f, are the same so that it 
takes the time traveller the same amount of time to travel as in the Earth reference 
frame. Only at velocities of 3 x 10 7 m/s do differences between proper and 
coordinate time begin to show. On this account then time travelling appears to be 
physically impossible, if speeds near the velocity of light are involved. 

But is time travel also conceptually impossible? A distinction is often drawn 
between physical and conceptual possibility. A physical possibility is constrained 
by the laws of physics—it is not physically possible for humans to fly, to levitate, 
to walk unaided on water, or to visit the past. A conceptual possibility ignores the 
constraints of the laws of physics and only inquires whether the conceptual pos¬ 
sibility envisaged would involve contradictions. If it does, the possibility is 
deemed to be conceptually impossible. Thus it is conceptually possible for humans 
to fly through the air, unaided. Many time travelling scenarios consider the con¬ 
ceptual possibility of visiting the past. The problem is that time travelling into the 
past in a conventional sense is threatened by a number of well-known paradoxes. 
A paradox in this context is an unacceptable inference from acceptable assump¬ 
tions. Opponents of time travel into the past will hold that these paradoxes make 
time travel into the past conceptually impossible. Proponents of time travel into the 
past will attempt to show that the many paradoxes, which threaten such visits, can 
be circumvented. What are these paradoxes? 

If time travel into the past were possible, a time traveller could go back in time 
to prevent his own birth. Either the time traveller could kill his younger self (auto- 
infanticide) or the time traveller could choose to visit the past with the intention of 
killing his own grandfather (Grandfather paradox). This act would prevent 
grandfather from marrying grandmother, and one of the time traveller’s parents 
would never be born. Either way, the time traveller would negate his own birth in 
the future, from which he came. The time traveller’s imagined act involves an 
absurdity: the time traveller exists at a later time t 2 but brings about his non¬ 
existence at an earlier time t, 1 1 , < t 2 ) when he was not yet born. The time 
traveller’s actions would require backward causation: causing a change in an 
earlier event from a later event. Even if the time traveller engaged in a less foolish 
enterprise, similar absurdities would ensue. Imagine that the time traveller has 
become fashion-conscious and on seeing old photos of his younger self decides to 
return to the past to give his earlier self a more fashionable haircut, which he 
knows from memory and from the photo records he did not have (Godel 1949, 
560). Thus travelling back to the past seems to offer the prospect of altering the 
truth value of a proposition about the past. This prospect conflicts with the fact that 
the past has become frozen actuality so that it is logically impossible to change it. 
Thus it seems that time travel into the past is conceptually impossible (Horwich 
1975, 435^436; Harrison 1971, 2-3; Deutsch and Lockwood 1994, 50-51). 



250 


4 Symmetry and Asymmetry 


But proponents of time travel into the past are not easily dissuaded by such 
paradoxes. The usual response is to concede that a time traveller cannot change the 
past, i.e. cannot undo events, which actually happened in the past. So the time 
traveller cannot kill his grandfather and cannot change the appearance of his 
former self. But it does not follow from this concession, so the line of defence 
continues, that time travel is conceptually impossible. For it is possible that the 
time traveller could have influenced the past but for some reason failed to do so 
(Horwich 1975, 435; Smith 1997, 364ff; Lewis 1976, 149-50; Greenberger and 
Svozil 2005). Consider the plight of Homer who for some reason is eager to kill his 
grandfather. Unfortunately for Homer, grandfather died years ago. But Homer 
builds a time machine and travels back to 1920 with the murderous intention to 
send his grandfather to an untimely death. It may be objected that it is logically 
impossible for Homer to kill his grandfather because grandfather lived till 1957. 30 
But the defenders of time travel into the past maintain that the paradoxes of time 
travel are mere oddities and that time travel in four-dimensional space-time is 
conceptually possible. What Homer can or cannot do is relative to a set of cir¬ 
cumstances—it is compossible with certain facts about the past but not with others. 

• Relative to an observer in the year 1957, when grandfather actually died his 
natural death, it is logically impossible for Homer to return to the past and kill 
his grandfather in 1920. If abortive attempts were made to kill grandfather 
before 1957, then they are part of grandfather’s life story. Killing grandfather in 
1920, at the hand of a time traveller, is not compossible with the fact that 
grandfather lived to 1957, for the past cannot be changed. 

• But relative to an observer in the year 1920, the future is still open. It is possible 
that grandfather may die that year, say, at the hands of an evil time traveller. 
When Homer, the time traveller, arrives to launch his murderous attempt to 
dispatch grandfather to an early end, he has the ability to kill him, just as he has 
the ability to kill another person in his own time. This ability, so Lewis claims, 
is compossible with grandfather’s continued existence in 1920. But despite his 
many efforts, the time traveller accidentally fails to kill him. According to 
Lewis, a time traveller can visit the past, in the sense of a failed assassin, who 
nevertheless performs certain compossible actions in the past, like buying a gun, 
lying in wait for grandfather and pulling the trigger. But as he cannot change the 
past, all his attempts must fail. 

From the point of view of the year 1957, it is indeed inconsistent to say that the 
time travelling Homer can and cannot kill his grandfather. But from the point of 
view of the year 1920, it is not a contradiction to grant Homer the ability to kill his 
grandfather although he must fail since grandfather lived till 1957. Under this 
scenario there is no inconsistency paradox, since in 1920 the future is still open. 


30 See Lewis (1976, 149); Smith (1997, 374f). Note that Lewis’s account is based on the idea of 
the block universe. 
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So is time travelling into the past conceptually possible after all? As in the 
previous case the inconsistency paradox is explained away at the price of flouting 
important physical constraints. It is accepted by both opponents and proponents of 
time travelling into the past that it is impossible to change the past. The past is a 
record of frozen actuality. So it is agreed that the time traveller cannot kill his 
grandfather if it is indeed the case that grandfather died in 1957. But now it has to 
be envisaged that flouting the laws of nature and ignoring physical constraints may 
actually involve the greatest contradiction of them all—changing the past. 

The trouble with the compossible case scenarios is that the time traveller sur¬ 
reptitiously does change the past, and hence the truth value of certain statements 
about the past. For the grandfather paradox story has the time traveller physically 
interfere with the past—on Lewis’ s account he is permitted to buy a gun, rent a room, 
kick a stone, load the gun, observe grandfather. But the past is frozen in all respects, 
including its total entropy balance. Through these interferences the time traveller 
changes the entropy balance of the world in 1920. As he prepares for his murderous 
act, he moves air molecules, uses up energy, changes the physical state of the world 
in 1920, which did not suffer these changes before the time traveller arrived. In the 
language of decoherence, the time traveller decoheres physical systems, which were 
not delocalized in the original scenario. As discussed the notion of decoherence has 
been proposed as a mechanism, which can explain the emergence of quasi-classical 
sets of histories, i.e. the individual histories of our classical world, which obey, with 
high probability, ‘effective classical equations of motion interrupted continually by 
small fluctuations and occasionally by large ones’ (Gell-Mann and Hartle 1993, 
3345, 3376). Decoherence leads to different alternative histories for the universe, to 
branch dependence of histories and the permanence of the past (Gell-Mann and 
Hartle 1993, Sect. 10). Branch-dependence means that individual histories are 
‘contingent on which of many possible histories have happened’ (Gell-Mann and 
Hartle 1993, 2246-2247). The permanence of the past expresses the feature. 

of a quasiclassical domain that what has happened in the past is independent of any 
information expressed by a future projection. Neither the decoherence of past alternatives 
nor the selection of a particular past alternative is threatened by new information. 
(Gell-Mann and Hartle 1993, 3354) 

In the language of decoherence the time traveller faces the impossible task of 
raising the negligibly small probability of grandfather’s untimely death to the high 
probability of an actual, alternative history. Would this situation change if the time 
traveller was a mere passive observer? Maybe the time traveller could just hover 
above the Earth in his machine and observe grandfather and his dealings through 
binoculars from a far distance. But a time machine hovering about the surface of the 
Earth, a time traveller breathing in his machine, a time traveller capturing photons 
in his binoculars changes the entropy of the past world. Even a passive time 
traveller would decohere certain systems. These photons were not absorbed in 
binoculars in the world of 1920. It has been agreed that it is impossible to change 
the past, yet even a passive time traveller necessarily interferes with the entropy 
balance of the past. If it is impossible to change the past, this impossibility does not 
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just affect human events, it affects all physical events, it affects the physical state of 
the universe in the past. Hence time travelling into the past seems to be impossible 
after all. 31 Journeys into the past along time-like curves may be consistent with the 
idea of the block universe but ‘in general they cannot be compatible with an 
uninterrupted increase of entropy along the curve’ (Carroll 2010, 103). 

Lewis’s compossibility solution involves the same paradox, which Ulysses faced 
in his desire to win the lottery draw. It may be dubbed the perspectival paradox. 
From the point of view of the time traveller, building his time machine in the late 
1950s, the past is frozen and cannot be undone. So the time traveller, Homer, knows 
that he cannot change the past. His project is doomed to fail from the start. As we 
have just seen, Homer cannot even influence the past, because he cannot change the 
entropy balance of the past. But from the point of view of grandfather’s contem¬ 
poraries, in 1920, the future is still open. It is possible that grandfather may not see 
the end of the year. He may die in a car accident or, indeed, be murdered by a time 
traveller (if it is assumed that such a time traveller already exists in the future). So 
from the point of view of a future time it is impossible to affect the past; but from 
the point of view of a present time, the future is still open and the present can be 
affected by contemporary events. So if the time traveller can find a way of visiting 
the past, which from his future perspective he knows he cannot change or affect in 
any way, then, if he can gain access to the past, which will become his present time, 
then he can change it! The future is open from the present point of view. So the time 
traveller can and cannot change the past, depending on one’s perspective. Lewis 
presents the compossibility argument as a way out of the paradoxes, which threaten 
time travel into the past. He does so by a mere change of perspective. But the 
genuine time traveller is a member of a future community who decides to visit a 
past community. If he could build a time machine, he would have to interfere with 
the entropy balance of the past. These viewpoints are not equivalent. When the 
future is still open, the entropy balance can be changed but a visitor to the past must, 
on pain of contradictions, change the entropy of the past. Is it possible at all to 
construct a consistent account of visits to the past? 


4.7.3 Two Coherent Solutions to Time Travelling 
into the Past 

Two ways out of these difficulties suggest themselves. They make time travelling 
into the past conceptually consistent but again at the price of relaxing the physical 
constraints. 


31 A possible defense of time travel into the past is to say that the time traveler is already part of 
the past, see Nahin (1993, 208), Huggett (2010, Chap. 12). In this case there is no change in 
entropy. But if a time traveler is already made part of the original history, as part of a block 
universe view, then the idea of a genuine time traveler as a visitor from the future to the past 
disappears (see Davies 1995, 249). 
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4.7.3.1 Branching Universes 

One way out of these conceptual difficulties is to adopt the ‘many worlds’ inter¬ 
pretation of quantum mechanics. On such a view, reality does not consist of our 
familiar world alone but is composed of many worlds. It is a multiverse. When a 
measurement is made the universe splits ‘into a multitude of mutually unobservable 
but equally real worlds, in each of which every good measurement [including 
observations] has yielded a definite result’ (Barrett 2009, 366). If we are willing to 
adopt a branching universe solution, then the time travel paradoxes can be avoided. 
Let us accept that time travelling involves branching universes and see how such 
accounts can resolve the paradoxes and oddities, which beset time travelling into 
the past. 

When the time travelling art critic from the future visits the third-rate artist, 
they meet at a branching node of two parallel universes. He comes from a universe 
in which the artist did experience a stroke of genius and did paint these extraor¬ 
dinary paintings himself. But when the artist begins to copy the reproductions he 
opens up a parallel universe, in which his forgery makes him a feted artist, without 
creative effort. But there is no paradox because the existence of the paintings is the 
result of genuine creation albeit in a parallel universe. 

The Grandfather paradox can be solved in a similar fashion. The universe 
branches off at the point when Homer turns up in 1920 in his time machine. He 
comes from a branch, in which he fails to kill grandfather, is eventually born and 
builds his time machine. In this branch, grandfather dies of natural causes in 1957. 
But by killing his grandfather he splits the universe and creates a parallel universe, 
in which his grandfather never meets his grandmother, never starts a family and in 
which, as a result, the time traveller is never born. The underlying picture of reality 
is that of a ‘single, convoluted space-time consisting of many connected uni¬ 
verses’ (Deutsch and Lockwood 1994, 55). These parallel universes are invisible 
to each other but nevertheless the time traveller achieves a major feat of branching 
off the universe by interfering with the past (Fig. 4.28). 

However, this notion of a multiverse leaves open a number of questions: Would 
the alternative branch, in which grandfather dies in 1920, exist if the time traveller 
did not decide to kill his grandfather? How can a humble time traveller ‘split’ the 
universe into parallel branches by merely visiting the past? Above the notion of 
‘branching events’ was associated with the mechanism of decoherence. In the 
spirit of decoherence it is possible to think of parallel universes as alternative 
histories, with different probability weights, rather than many worlds, which exist 
in their own right. 

Quantum mechanics describes alternative decohering histories and one cannot assign 
“reality” simultaneously to different alternatives because they are contradictory. Everett 
and others have described this situation, not incorrectly, but in a way that has confused 
some, by saying that the histories are all “equally real” (meaning only that quantum 
mechanics prefers none over another except via probabilities) and by referring to “many 
worlds” instead of “many histories.” (Gell-Mann and Hartle 1990, 455; italics in original) 
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Fig. 4.28 A branching 
universe 
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If worries about the physical causes of branching universes, and their ‘reality’, 
are left aside, a consistent story seems to result. On the ‘many worlds’ interpre¬ 
tation time travelling into the past appears to be plausible, since it avoids para¬ 
doxes, including an interference with the entropy balance. But if the situation is 
considered from the point of view of alternative decohering histories, rather then 
real physical worlds, the probabilities which need to be assigned to the alternative 
histories become significant. On this view the past trajectories are already deco¬ 
hered and there is only a astronomically small chance that a time traveller—even if 
a time machine could take her/him back to 1920—could undo the decoherent 
history, which we call our past. Such a feat would require raising the vanishingly 
small probability of possible alternative decoherent histories to the level of actual 
decoherent history with typically high probability. Again, if physical constraints 
are introduced time travelling scenarios become less plausible. 


4.7.3.2 Entropy-Decreasing Devices 

There is another way of telling a consistent story about time travel into the past, 
which involves no conceptual inconsistencies but again at the price of relaxing the 
physical constraints. The story, due to Putnam (1975), involves a time traveller in 
an entropy-decreasing machine. As Putnam quite rightly points out it is not suf¬ 
ficient to show that time travelling involves inconsistencies in ordinary language, 
as for instance the claim that it is conceptually inconsistent for a time traveller to 
travel across 500 years of Earth time in 31.6 years of rocket time. Putnam claims 
that, if time travel is to make sense, it must be talked about in terms of world lines 
and Minkowski space-time, conceived as a block universe. Thus imagine that 
there is a time traveller, Oscar Smith (OS), in his time machine who follows the 
world lines as shown in Fig. 4.29. What does an observer of the scene see? At t Q 
the observer spots OS but he has not yet become a time traveller (OSi). At t| he 
still sees OS at place A and, in addition, at place B he sees an older OS (OS 3 ), 
leaving his time machine (to the observer, both OS 3 and the time machine pop into 
existence at t 1; coming back from the future t 2 ). This time machine and its 
occupant, Oscar Smith, constitute a peculiar physical system: it runs backward in 
time. Entropy in the system is decreasing instead of increasing (‘cigarette butts 
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Fig. 4.29 Time travel in an entropy-decreasing machine. The solid line is OS’s world line; the 
dashed line is the world line of the time machine 

grow into whole cigarettes, the things OS 2 says resemble speech sounds played 
backward’ etc.). This system exists until the moment t 2 , at which time the observer 
sees the disappearance of the real OS] in the entropy-decreasing time machine. 
Putnam’s story requires three versions of OS: OS] lives a normal life, forward in 
time, from to to t 2 ; OS 2 lives backward in time, from t 2 to t|; and OS 3 is the person 
who resembles OS] and who emerges at time t] and location B. A reasonable 
scientist, Putnam claims, would say that there is only one Oscar Smith whose 
world line between t 2 and t] runs backward in time but whose world line runs 
forward in time from t] to t 2 , and again from t] at B into the future. Is this a 
consistent, mathematically coherent story, as Putnam claims? If it is, it shows time 
travel is conceptually possible. One enormous concession has to be made, namely 
that it is actually possible to build a machine, which can reduce the entropy in a 
branch system, whilst the entropy of the environment increases. This process 
would require that all the molecules in the system can be reversed, enabling OS to 
travel back in time, although, strangely, the entropy-decreasing machine seems to 
have no effect on OS, who leaves the time machine as his older self. Furthermore, 
it has been emphasized that the direction of time is not to be identified with 
increase in entropy because of the recurrence and reversibility objections. So even 
if the improbable happened and entropy in a system spontaneously decreased this 
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would not justify us in saying that time runs backward (Earman 1967b, 216-217) 
But let us concede that Putnam’s entropy-reversed case is conceivable. We have to 
regard OS’s machine as a reference frame, in which thermodynamic processes run 
towards entropy decrease while that of the surrounding universe continues to run 
towards increased entropy (Smart 1963, 239; Chari 1963, 579; Earman 1967b). 

But now consider some difficulties: by all accounts OS 2 ’s system (Oscar who 
lives backward in time inside the time machine) is a macro-object experiencing 
macro-events but such macro-events, we found, are subject to irreversibility 
de facto (weak t-invariance) rather than irreversibility de jure ; in other words the 
likelihood of all the molecules making up OS 2 ’s system arranging themselves in 
such a way that OS 2 ’s system reverses its molecules towards decreased entropy is 
exceedingly small (Chari 1963, 581). 

But let us concede that the time machine can reverse physical processes and 
make OS arrive at his destination (t 1; location B). Then the time traveller faces 
another problem: he cannot communicate with the past world surrounding him. 
The ‘Oscar Smith body is emitting noises that resemble speech sounds played 
backward, and so forth’ (Putnam 1975, 244; cf. Smart 1963, 241; Chari 1963, 
582). It is the familiar problem that in order to communicate the time traveller 
must physically interact with the system s/he observes. In order to do so the 
observed system must be disturbed, which causes increases in its entropy. In order 
to communicate with the past, energy must be spent which increases the entropy of 
the observing system but by Putnam’s assumption entropy decreases in the time 
machine (Brillouin 1956, xii; cf. Earman and Norton 1998, Sect. 9; 1999, Sect. 2) 
On Putnam’s account OSi can observe OS 3 , climbing out of the time machine, 
unaffected by the entropy-decreasing power of the time machine, where all (other) 
processes run backward. Presumably, OS 3 , arriving at location B, could actually 
see and interact with his younger self, at place A, threatening the familiar para¬ 
doxes, which are associated with time travel into the past. 

So does the story make sense? As before, it depends on the perspective one 
adopts. From the point of view of t, the sudden appearance of OS 3 in a time 
machine is compossible with the state of affairs at tj. The story is only coherent 
from the point of view of t, since the entropy balance is subject to change. But 
from the point of view of t 2 , the past is frozen, including the entropy level at tj, and 
Oscar cannot appear out of the blue at tj. ‘No time machine can make it be that I 
both did and did not exist 100 years ago’ (Smart 1963, 241). 

At first sight a Minkowski block universe seems to be favourable to time travel 
into the past; however, a consideration of all the constraints involved makes this 
enterprise look much less plausible. If time travel is to make sense at all it will 
probably be cosmological time travel, which may involve branching universes. 
This is a very limited sense of time travel but it seems to be conceptually coherent. 
On a dynamic (relational) view time travel in either direction of time is implau¬ 
sible, since time is ‘created’ through the succession of unfolding events. Past 
events cannot be undone and future events will have to await their turn. 



Chapter 5 

Conclusion 


In the course of the discussion throughout the last three chapters it has been 
emphasised that science has conceptual consequences. In particular, our views of 
the nature of time have changed dramatically in the light of scientific discoveries 
since the Scientific Revolution. These scientific discoveries are often presented as 
supporting a Parmenidean view of time, due to (a) the relativity of simultaneity 
and (b) the temporal symmetry of the fundamental equations. It is a mistake to 
ignore the scientific discoveries, which have affected the notion of time. But it is 
equally a mistake to pretend that philosophical views of time follow either 
deductively or inductively from the principles of scientific theories. Once cannot 
deduce Parmenidean stasis from either relative simultaneity or the f-symmetry of 
the fundamental equations. However, certain features of time - like time dilation or 
the distinction between null-like, time-like and space-like curves between events 
in space-time - do follow from the theory of relativity. But philosophical views of 
the nature of time are based on conceptual inferences; as such they are no less 
important or influential because questions about the ‘nature’ of time have been 
asked since the dawn of humanity and are central to the scientific investigation of 
nature. In response philosophy has produced some useful models of time, which 
serve as guiding ideas in science. Yet a shift in emphasis and a choice of different 
representations point in the direction of alternative inferences, which are much 
more favourable to a dynamic view of time. 

At first, this balance of argument and counter-argument seems to leave us in a 
philosophical stalemate. It seems to depend on our choice of criteria whether a 
Heraclitean, temporal view or a Parmenidean atemporal view of time is adopted. 
However, the debate can be taken a step further. It cannot just be a question of a 
predilection for particular criteria. If physical time exists, it exists irrespectively of 
human choice. It has been argued repeatedly that when all the relevant factors are 
to be taken into account the conclusion must fall in favour of the anisotropy of 
time: there exist both local and global arrows. In particular, mechanisms like 
environmental and cosmological decoherence, with their thermodynamic impli¬ 
cations, strongly suggests the march of physical time. And physical time, as the 
relational view emphasises, is the basis of human time. It is not just the parallelism 
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of entropic relations but the parallelism of many asymmetric processes, which 
must be taken into account. 

Chapter 2 highlighted the strong connection between time and cosmology. It 
was stressed that the measurement of time requires both regularity and invariance. 
The concern with invariance does not appear with as much urgency in classical 
physics as in relativity theory because this requirement is already built into 
Newton’s notion of absolute time. But the theory of relativity destroys the New¬ 
tonian notion of absolute time and shifts the focus to the behaviour of clocks in 
inertially moving systems. The ticking of clocks retains its regularity within each 
reference frame (proper time) but not across reference frames, which are in inertial 
motion with respect to each other (coordinate time). To retain an objective passage 
of time, the use of thermodynamic clocks recommended itself, whose ticking 
remains invariant across reference frames, due to the invariance of entropy in 
relativistic thermodynamics. The conclusion was that the existence of such ther¬ 
modynamic clocks would block the inference to the block universe, which seemed 
to follow from features of the Special theory. But even if on a section of a world 
line time seems to pass objectively, according to appropriately chosen clocks, the 
universe as a whole may display no global arrow of time because of its topology. It 
was therefore, necessary to return to cosmological considerations and the align¬ 
ment of cosmological and thermodynamic arrows of time. Whilst the increase in 
entropy cannot be used to define the arrow of time, it serves as a useful indicator, 
amongst others, of various arrows of time. How useful it is depends on the 
behaviour of the universe with respect to initial and final conditions. Current 
cosmology seems to concur that the universe shows an entropy gradient between 
asymmetric initial and final conditions. 

Any knowledge of the initial and final conditions of the universe cannot be 
derived from the General theory of relativity. But if local and global reality is to be 
described by appropriate versions of quantum mechanics, worries about the arrows 
of time re-emerge at the quantum level. It is, however, not sufficient to consider 
only the time-symmetric Schrodinger equation. The measurement process must be 
taken into account. It does not need to be interpreted in the sense of the Copen¬ 
hagen interpretation as a ‘collapse of the wave function’. The notion of deco¬ 
herence provides a viable alternative. Environmental decoherence involves 
irreversible processes (for all practical purposes) with strong entropic features. 
Criteria for the objective passage of time are indeed manifold: apart from envi¬ 
ronmental decoherence, which makes local arrows of time emerge from quantum 
superpositions, there is the asymmetry of the past and the future, the direction of 
cause and effect, and the parallel thermodynamic arrows in many branch systems. 
The notion of decoherence has been extended to the cosmological level, where it 
produces the decoherent histories of the classical world, again with accompanying 
entropic features. Quantum cosmology also seems to suggest that an entropic 
gradient exists between the initial and final conditions of the universe, thus 
bestowing an arrow of time on its evolution. 

The march of time, either in terms of local or global arrows, can therefore, 
plausibly be explained by the mechanism of decoherence. Although decoherence 
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is associated with an increase in entropy, it constitutes a separate, independent 
indicator of the anisotropy of time. For these reasons the author sides with the 
Heraclitean against the Parmenidean view of time. The upshot of this study is that 
the world around us, the universe, including humans, finds itself on a march of 
time. 
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